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SUMMARY 
1. Control led P r e c i p i t a t i o n  i n  Nuclear N a t e r i a l s  
This  program has been expanded t o  inc lude  s t u d i e s  on p rope r ty  
enhancement by c o n t r o l l e d  p r e c i p i t a t i o n  i n  metal-base a s  we l l  a s  i n  
ceramic systems. 
Titanium-doped M203 s i n g l e  c r y s t a l s  were prepared by flame- 
f u s i o n  growth us ing  mixed powders as f eed  m a t e r i a l  and by d i f f u s i o n  of 
t i t a n i u m  i n t o  pure A1203 c r y s t a l s  a t  1700°C i n  hydrogen. 
e s t a b l i s h e d  f o r  growth of c rack- f ree  c r y s t a l s  conta in ing  0.1 Wt $ T i O 2 .  
As-grown c r y s t a l s  e x h i b i t  a c h a r a c t e r i s t i c  b l u e  co lor  i n d i c a t i n g  t h e  
presence of T i 3 + .  
become c o l o r l e s s  and p r e c i p i t a t i o n  occurs on slow cool ing  o r  a f t e r  
quenching and aging a t  1300°C i n  a i r .  
Conditions were 
Af t e r  annea l ing  i n  a i r  a t  17OO0C, t h e  c r y s t a l s  
Aluminum a l l o y s  supe r sa tu ra t ed  w i t h  2 t o  3 a t .  $ of cerium, y t t r ium,  
o r  bery l l ium were obtained f o r  subsequent f a b r i c a t i o n  and hea t  t rea tment  
t o  produce dispers ion-hardened a l l o y s  with improved mechanical p r o p e r t i e s  
through c o n t r o l l e d  p r e c i p i t a t i o n  of s t a b l e  i n t e r m e t a l l i c  phases .  A 
similar technique f o r  d i spe r s ion  s t rengthening  of thorium metal  us ing  
powders supe r sa tu ra t ed  wi th  r e spec t  t o  bery l l ium w a s  i nves t iga t ed .  
Addi t iona l  work on s t rengthening  of thorium has included i n t e r n a l  boron- 
a t i o n  of thorium-zirconium alloys ,prepared by two processes  t o  form 
s t a b l e  p r e c i p i t a t e s  of ZrB2. 
2. Fuel  Element Development 
During t h i s  per iod ,  our o r i g i n a l  conversion s t u d i e s  on m6 t o  U02 
were expanded t o  included t h e  conversion of UCl4 t o  U02 a s  w e l l  a s  t h e  
d i r e c t  syn thes i s  of o the r  uranium compounds from m6 gas by a vapor- 
Both t h e s e  l a t e r  conversion schemes were proven thermodynamically 
f e a s i b l e .  Our i n v e s t i g a t i o n s  show t h a t  UCl4 can be d i r e c t l y  converted t o  
uranium oxide a s  both a s o l i d  depos i t  o r  as f i n e  powder depending on t h e  
reduction parameters. Cursory experiments on the reduction of m6 by 
lithium have yielded encouraging results which indicate that compounds 
such as UC and UN may be synthesized directly from gaseous m6. 
r* 
Refractory-metal cladding materials have been fabricated by the 
coreduction of tungsten and rhenium hexafluoride by hydrogen to produce 
tungsten-rhenium alloys over a wide range of composition. We have 
I- I__ , __._ c_l____" -- . * l d " .  ~ ~ - _I". --*. ..--.,=-< -I ~----."--- _- 
c. - ' 
again contifibid investigating means of producing uniform homogeneity in 
these alloy depositions. Using a large deposition chamber, we recently 
deposited smooth-wall, homogeneous tubing of the W-25$ Re alloy. 
deposits were approximately 8 in. long. 
The 
3. Nondestructive Test Development 
We are developing new techniques and equipment for the nondestruc- 
/ --" . *.- -_ "1 . x  (. xIc,I*n~IvI". -"a#-*"..-.".L&.> 
tive evaluation of materials and components. The major emphasis has 
been on eddy-current, ultrasonic, and penetrating-radiation methods. 
The mathematical approach using a computer to analyze variations 
in electromagnetic field parameters has been applied to the calculation 
of coil impedance. A prototype beat-frequency instrument has been 
developed for measurement of electrical conductivity. 
The ultrasonic program has continued to work on techniques for 
nonbond evaluation in hot cells on tubular fuel elements. Tantalum 
has been tested as a tool for electro-discharge machining of reference 
notches. A new ultrasonic probe has been developed which combines 
advantages of both contact and immersion testing. 
We have continued our scintillation gaging work with further cali- 
bration on our fuel rod scanner and beginning work on the use of light 
pipes for coupling scintillation crystals to photomultiplier tubes. A 
single-ohannel, gamma-scintillation spectrometer has been assembled and 
is being calibrated for 235U assay in core blanks. 
4.  Zirconium Metallurgy 
Additional studies of stress orientation of hydrides in Zircaloy-2 
have included the effects of thermal cycling under elastic stress to as 
x i  
many as 20 cyc le s .  
number of thermal  cyc les  have been observed. 
being examined f o r  confirmation.  
Only small changes i n  hydride o r i e n t a t i o n  with 
Addit ional  specimens a r e  
Yield s t r eng ths  and s t r a i n  anisotropy cons tan ts  a r e  being determined 
i n  compression on a l l  a v a i l a b l e  l o t s  of Zircaloy-2,  r ep resen t ing  some 
20 d i f f e r e n t  t e x t u r e s .  Tens i le  da t a  have been c o l l e c t e d  and repor ted  
previous ly .  
empir ica l  c o r r e l a t i o n  between y i e l d  s t r eng ths  i n  t ens ion  and compression, 
s t r a i n  an iso t ropy  cons tan ts  i n  t ens ion  and compression, and po le  f i g u r e  
parameters .  
i n  t e n s i o n  and compression i s  presented.  
The da ta  w i l l  be  used t o  attempt t h e  development of an 
A prel iminary c o r r e l a t i o n  of s t r a i n  an iso t ropy  cons tan ts  
The d a t a  c o l l e c t e d  i n  a study of s t r a i n  behavior i n  Zircaloy-2 
shee t - type  t e n s i l e  specimens having a very  s t rong  and known t e x t u r e  
have been summarized. The da ta  confirm our previous conclusion t h a t  
s u i t a b l e  s t ra in  anisotropy cons tan ts  f o r  cha rac t e r i za t ion  of t h e  th ree -  
dimensional an iso t ropy  of Zircaloy-2 cannot be obtained from sheet- type 
specimens. 
A method f o r  r a p i d  cons t ruc t ion  of b a l l  models of c rys t a l log raph ic  
p lanes  has  been developed. 
t o  hold  ferromagnetic s t e e l  b a l l s  i n  p lace  on p l a s t i c  p e t r i  d i shes .  
Models containing up t o  5000 ba l l s  a r e  quickly b u i l t .  Defects of var ious  
It u t i l i z e s  t h e  f l u x  of permanent magnets 
kinds,  inc luding  s t ack ing  f a u l t s  and d i s loca t ions ,  a r e  r e a d i l y  b u i l t  
i n t o  the  m o d e l .  A method of deforming such a defec ted  model i s  be ing  
developed t o  examine t h e  f e a s i b i l i t y  of observing atom movements when 
such d e f e c t s  move through t h e  l a t t i c e .  
b u i l t  and show g raph ica l ly  t h e  s t r a i n  present  and t h e  s h u f f l i n g  of 
atoms i n  t h e  twin i n t e r f a c e .  The models permit a three-dimensional 
examination of t h e  atom arrangements on va r ious  c rys t a l log raph ic  
planes t h a t  cannot be approached by any o the r  technique. 
Twin models a r e  a l s o  r e a d i l y  
A s i n g l e  c r y s t a l  of zirconium has  been compressed along t h e  b a s a l  
'po le  t o  examine t h e  twins present  and t o  permit checking of t h e  s e v e r a l  
methods of determining twin and g r a i n  o r i e n t a t i o n s  i n  p o l y c r y s t a l l i n e  
ma te r i a l .  
< 
???e new technique of o r i e n t i n g  g ra ins  by po la r i zed  l i g h t  
P 
I 
x i  i 
microscopy of a s i n g l e  sur face  has  been proven by comparison with other  
accepted techniques.  
Thermally formed oxide f i lms  on zirconium have been p a r t i a l l y  
d isso lved  by vacuum annealing. 
t h e  as-formed and vacuum-annealed thermal  f i lms  i s  of t h e  same kind a s  
observed i n  p a r t i a l l y  dissolved, anodically formed films. This indicates 
t h a t  t h e  defec t  s t r u c t u r e s  a r e  of t h e  same k ind .  
The o p t i c a l  absorp t ion  observed i n  both 
Large g ra ins  have been grown i n  sponge zirconium and iodide  zircon-  
ium s t r i p  by s t ra in-annea l ing  ma te r i a l  having o r i g i n a l  g r a i n  s i z e s  l e s s  
t han  10 p i n  diameter.  
growing la rge-gra ined  stock of zirconium a l l o y s .  
This method w i l l  provide another technique f o r  
New measurements of t h e  oxida t ion  p a t t e r n s  developed on s ing le -  
c r y s t a l  spheres of zirconium oxidized i n  a i r  a t  360 and 400°C have shown 
t h a t  t h e  r a t e s  of oxida t ion  can differ by a f a c t o r  as large as 3 on  
c rys t a l log raph ic  p lanes  wi th in  a few degrees of each o the r .  
t i o n  furnace permits  continuous examination of t h e  specimen sur face  over 
a t  l e a s t  one c rys t a l log raph ic  t r i a n g l e  without d i s t u r b i n g  t h e  t e s t .  
The oxida- 
- -I__ -Lu, --_ __7_ -I->&- = -I- - _  
An e l ec t ropo l i sh ing  s o l u t i o n  has  been found t o  a t t a c k  t h e  matr ix  
zirconium around p r e c i p i t a t e d  hydrides,  but  t h e  a t t a c k  i s  not be l ieved  
t o  be due t o  l o c a l  c e l l  a c t i o n .  The same s o l u t i o n  used a t  a lower 
vol tage  produces e t c h  p i t s  which a r e  be l ieved  t o  be loca ted  a t  d i s l o -  
ca t ions .  The technique i s  not y e t  under s u f f i c i e n t  con t ro l  t o  provide 
q u a n t i t a t i v e  d a t a  on d i s l o c a t i o n  d e n s i t i e s .  
5. Fission-Gas Release and Phys ica l  P rope r t i e s  of 
Fuel Mater ia l s  During I r r a d i a t i o n  
Thin-disk specimens of UO;! a r e  be ing  i r r a d i a t e d  f o r  t h e  purpose of 
developing a model f o r  f i s s ion -gas  r e l e a s e .  I n  these  experiments t h e  
specimen may be  i r r a d i a t e d  a t  d i f f e r e n t  f l u x  l e v e l s  and independently 
con t ro l l ed  temperatures .  F i s s ion  gas i s  removed by a sweep gas and t h e  
r e l e a s e  r a t e  from t h e  UO;! specimen i s  determined by sampling t h e  sweep 
system. 
The r e l e a s e  r a t e  of f i s s i o n  gas was observed t o  be temperature 
dependent above about 600°C and almost independent of temperature a t  
l -  
x i i i  
lower temperatures .  
spond t o  a r e c o i l  r e l e a s e  a t  low temperatures  and a combination r e c o i l -  
d i f f u s i o n  r e l e a s e  a t  h igher  temperatures .  However, we have found many 
r e s u l t s  t h a t  could not be explained by, and which cont rad ic ted ,  c l a s s i -  
c a l  theory .  We have, t he re fo re ,  pos tu l a t ed  a new theory  where t h e  r a t e  
of escape of f i s s i o n  gas from U02 i s  c o n t r o l l e d  by t h e  number of d e f e c t  
According t o  c l a s s i c a l  theory  t h i s  would co r re -  
t r a p s  i n  t h e  U02 s t r u c t u r e .  
a l s o  be inherent  flaws, such a s  g r a i n  boundaries and pores .  Tes ts  
demonstrated t h a t  g r a i n  boundaries  behaved a s  t r a p s .  
Defects a r e  c rea t ed  by f i s s i o n  and may 
A mathematical model was developed f o r  t h e  s t e a d y - s t a t e  mother- 
daughter  migrat ion with t rapping .  To f u l l y  eva lua te  t h e  mathematical 
model, t h e  experiment was modified t o  opera te  i n  a dynamic - _ .  a s  . - w e l l  as 
a s t e a d y - s t a t e  mode. By dynamic operat ion,  we mean t h a t  e i t h e r  t h e  
f i s s i o n  rate o r  t h e  temperature  of t h e  specimen isL-?cc_&l-lated wi th  a 
s e l e c t e d  ax i s ,  frequency, and amplitude of o s c i l l a t i o n .  Only s i n e  wave 
shapes have been used thus  f a r .  
6. I r r a d i a t i o n  Ef fec t s  on Alloys and S t r u c t u r a l  Mater ia l s  
The two aspec t s  of r a d i a t i o n  damage t o  ma te r i a l s  t h a t  a r e  of i n t e r -  
e s t  t o  t h e  Radiat ion Metallurgy Sec t ion  of t h e  S o l i d  S t a t e  Divis ion a t  
ORNL a r e  t h e  e f f e c t s  of r a d i a t i o n  on LI di.ffusion-contr.olled r e a c t i o n s  . I. **-._. . .I_ ... ,. i n  
alloys and on plastic deformationrand I : _ . .  .. . ~ .. f r a c t u r e .  . . 
t h e s e  a r e a s  i s  descr ibed  below. New f a c i l i t i e s  t h a t  have been i n s t a l l e d  
The r ecen t  progress  i n  
-..._ 1 x . .  
o r  are be ing  cons t ruc ted  and designed a r e  a l s o  d iscussed .  
Since many- r e a c t o r  ma te r i a l s  a r e  i n  a metastable  s t a t e  when they  a r e  
--07. -..-.---==-=- -+%> 
i n s e r t e d  i n  s e r v i c e  i n  r a d i a t i o n  environments, it i s  important t o  d e t e r -  
mine how me ta l lu rg ica l  p rocesses  a r e  a f f e c t e d  by t h e  r a d i a t i o n .  One 
such process  under i n v e s t i g a t i o n  i s  t h e  p r e c i p i t a t i o n  of n i t r i d e s  i n  
a lpha i ron;  low-frequency i n t e r n a l  f r i c t i o n . i s  used as a measure of t h e  
amount of n i t rogen  i n  s o l i d  s o l u t i o n .  The r a t e  of p r e c i p i t a t i o n  i s  
enhanced by neutron i r r a d i a t i o n ,  b u t  not by e l e c t r o n  i r r a d i a t i o n .  How- -
ever ,  i f  t h e  e l e c t r o n  dose i s  l a r g e  enough, some evidence f o r  t h e  t r a p -  
--
ping  of n i t rogen  atoms by radiat ion-produced d e f e c t s  i s  seen. 
xiv 
Segregat ion i s  another  type  of me ta l lu rg ica l  r e a c t i o n  t h a t  i s  be ing  
A Ni-40 wt % Cu a l l o y  w a s  given a s e r i e s  of i so thermal  anneals  
neutrons/cm2 
s tud ied .  
fol lowing i r r a d i a t i o n  a t  -180°C t o  a dose of about 1 X 
( E  > 1 Mev). 
t i o n  r e a c t i o n  was found t o  inc rease  during t h e  process ,  although from 
23 t o  192°C t h e  energy w a s  f a i r l y  constant  a t  1 .2  t o  1.3 ev. For a 
The-ac_t_ihStion energy f o r  t h e  radiat ion-enhanced segrega- -_ --- _. 
s ing ly  a c t i v a t e d  process ,  t h i s  energy i s  shown t o  correspond t o  t h e  
energy f o r  motion of t h e  diffusion-enhancing d e f e c t .  
Radiat ion hardening i n  i r o n  i s  be ing  inves t iga t ed  by s t r e s s  r e l a x -  
a t  i on  techniques,  which y i e l d  information concerning t h e  s t r e s s  depend- 
ence of d i s l o c a t i o n  v e l o c i t y  and t h e  d i s l o c a t i o n  dens i ty .  The s t r e s s  
dependence of d i s l o c a t i o n  v e l o c i t y  f o r  e l e c t r c a  and neutron i r r a d i a t e d  
i r o n  w a s  q u i t e  s imi l a r  t o  t h a t  f o r  u n i r r a d i a t e d  ma te r i a l .  However, 
the  threshold stress f o r  macroscopic d i s l o c a t i o n  motion w a s  increased 
s i g n i f i c a n t l y  a s  a r e s u l t  of t h e  i r r a d i a t i o n .  This  f a c t o r ,  r a t h e r  t han  
t h e  decrease i n  mobile d i s l o c a t i o n  dens i ty ,  w a s  c h i e f l y  r e spons ib l e  f o r  
t h e  r a d i a t i o n  hardening i n  t h i s  ma te r i a l .  
Measurements of t h e  t e n s i l e  p r o p e r t i e s  of i r r a d i a t e d  i r o n  a r e  a l s o  
under way. One objec t  of t h i s  work i s  t o  determine whether or not t h e  
changes i n  mechanical p r o p e r t i e s  a r e  a f f e c t e d  by t h e  r a t e  a t  which t h e  
r a d i a t i o n  exposure i s  app l i ed  ( i . e .  by t h e  dose ~ r a t e - o r  -.”-- ins tan taneous  
f l u x ) .  
r e a c t o r  p re s su re  v e s s e l s  a r e  exposed t o  low-flux i r r a d i a t i o n s  f o r  long 
per iods ,  whereas ma te r i a l s  t e s t i n g  work i s  u s u a l l y  performed under high 
I ..-- 
This ques t ion  has an important p r a c t i c a l  connotat ion s ince  
flux-short t ime condi t ions .  ,Tbo-2pse ra$e--e-fectwwas ob served f o r  
samples given a dose of 1 .5  X lo1* neutrons/cm2 
range of f luxes  and from 4 t o  70 X 10l1 neutrons 
t h i s  i s  j u s t  an in t e r im  r e s u l t ,  s ince  i r r a d i a t i o n s  t h a t  w i l l  g r e a t l y  
extend t h e  range of f luxes  a r e  under way. Experiments on t h e  s t r a i n  
r a t e  dependence of t h e  y i e l d  s t r e s s  show t h a t  t h e  y i e l d  s t r e s s  asymp- 
t o t i c a l l y  approaches t h e  th re sho ld  s t r e s s  (determined from s t r e s s  
r e l a x a t i o n  experiments) as t h e  s t r a i n  r a t e  i s  decreased. 
> 2.9 Mev) over a (.E-------.. . 
see-’. However, 
Since t h e  l a s t  r epor t ing  per iod,  a s tudy of p l a s t i c  deformation i n  
s i n g l e  c r y s t a l s  of niobium has been undertaken. Measurements of l a t t i c e  
xv 
r o t a t i o n  dur ing  t e n s i l e  deformation by d i r e c t  x-ray determinat ion have 
i n d i c a t e d  a cons iderable  amount of l a t e n t  hardening on t h e  secondary 
s l i p  system. Also, t h e  depar ture  of t h e  o r i e n t a t i o n  of t h e  t e n s i l e  
a x i s  from t h a t  p r e d i c t e d  f o r  s i n g l e  s l i p  was c o r r e l a t e d  wi th  t h e  appear- 
ance of t h e  s l i p  bands on t h e  su r face  and an increased  r a t e  of work 
hardening. 
i s t i c  changes i n  s t r e n g t h  and d u c t i l i t y  have been observed. 
e f f o r t s  t o  r e v e a l  mobile d i s l o c a t i o n s  i n  niobium by e t c h - p i t t i n g  t ech -  
niques have been success fu l .  
One neut_yo-n.i.rradiation has been c a r r i e d  ou t ,  and cha rac t e r -  -- -- . - -- 
I n  add i t ion ,  
These techniques a r e  now be ing  app l i ed  t o  
t h e  d i r e c t  measurement of d i s l o c a t i o n  v e l o c i t i e s .  
Smooth and notched sheet  t e n s i l e  samples of t ypes  330 and 270 
n i c k e l  and type  410 s t a i n l e s s  s t e e l  have been i r r a d i a t e d  t o  about 
1021 neutrons/cm* i n  t h e  O M ,  and t h e  r e s u l t s  of two types  of anneal ing 
experiments a r e  descr ibed .  For notched samples of type  330 n i c k e l  con- 
t a i n i n g  0.03 w t  $ C, a l a r g e  inc rease  i n  s t r e n g t h  w a s  observed upon 
anneal ing t o  427°C. A smaller  i nc rease  i n  s t r e n g t h  was a l s o  observed 
f o r  smooth samples, bu t  t h i s  i r r a d i a t i o n - a n n e a l  hardening w a s  not 
exh ib i t ed  by any of t h e  o the r  a l l o y s .  
The s t a t u s  of t h e  p re s su re  v e s s e l  su rve i l l ance  programs f o r  t h e  
EGCR, SM-1, and HFIR r e a c t o r s  i s  given. 
A number of a d d i t i o n s  and improvements i n  f a c i l i t i e s  have been 
=- ._.-__- -. . - 
made o r  a r e  under way, 
cells has been r ebu i l t  t o  conform t o  AMRA and ASTM standards, and 
improvements i n  t h e  remote temperature  condi t ion ing  and p o s i t i o n i n g  
of samples have been made. 
i n s t a l l e d  i n  t h e  Bulk Shie ld ing  . --... Reactor , _- .- (BSR) and a number of f l u x  
measurements us ing  Co, Np, U, N i ,  and-..Fe have been c a r r i e d  out .  
The Charpy impact machine f o r  use i n  t h e  hot  - _ _  --- ' 
Also, a new i r r a d i a t i o n  f a c i l i t y  .-__ has been 
___-I-. - -  .- _/  v-- 
-__/-- _. .- 
The 
neutron spectrum was found t o  conform q u i t e  c l o s e l y  t o  a f i s s i o n  
spectrum a t  energ ies  between 0.6 and 2.9 Mev. 
l iqu id-n i t rogen-cooled  c r y o s t a t  f o r  t h e  BSR i s  now almost completed 
(not descr ibed  i n  t h i s  r e p o r t ) .  F ina l ly ,  t h e  c r i t i c a l i t y  s tudy f o r  
a proposed neutron-converter ,  f i s s i o n - f l u x ,  i r r a d i a t i o n  f a c i l i t y  for 
t h e  BSR has  not revea led  any undue s a f e t y  hazard from t h e  s tandpoin t  
of c r i t i c a l i t y ,  and d e t a i l e d  engineer ing  design work on t h e  f a c i l i t y  
i s  about t o  begin.  
The cons t ruc t ion  of a 
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1. CONTROLLED PRECIPITATION I N  NUCLEAR MATEEIALS 
J. L. Sco t t  J. P. Hammond 
This program was introduced i n  t h e  previous repor t '  and has been 
expanded t o  include s t u d i e s  on proper ty  enhancement by c o n t r o l l e d  p r e c i -  
p i t a t i o n  i n  metal-base a s  wel l  as i n  ceramic systems. 
o b j e c t i v e  of t h e  program remains t h e  same, t h a t  i s ,  t o  i n v e s t i g a t e  means 
f o r  improving t h e  performance of bo th  f i s s i o n a b l e  and nonf i ss ionable  
m a t e r i a l s  by opt imizing t h e  micros t ruc ture  through c o n t r o l l e d  p r e c i p i -  
t a t i o n  of s t a b l e ,  d i spe r sed  phases. 
The o v e r a l l  
E f f e c t  of Dispersed P r e c i p i t a t e s  on the  P r o p e r t i e s  
of Ceramic Mater ia l s  
P r e c i p i t a t i o n  S tudies  i n  Alumina - D. I. Matkin2 
The ob jec t ive  of t h i s  study i s  t o  eva lua te  t h e  e f f e c t  of whisker- 
shaped p r e c i p i t a t e s  on crack propagat ion i n  alumina. 
i s  t o  produce, by s u i t a b l e  hea t  t rea tment ,  a homogeneous d i s t r i b u t i o n  
of p r e c i p i t a t e s  i n  t i tanium-doped s i n g l e  c r y s t a l s  of A l 2 O 3 .  
The immediate aim 
D i f f i c u l t y  has  been encountered i n  ob ta in ing  s i n g l e  c r y s t a l s  of 
The doped A1203 doped w i t h  t i t a n i u m  t h a t  a r e  f r e e  of l a r g e  d e f e c t s .  
c r y s t a l s  grown by flame fus ion  and obtained from a v a r i e t y  of sources  
have been observed t o  con ta in  b ~ b b l e s . ~  
a t tempts  have been made t o  d i f f u s e  t i t a n i u m  i n t o  pure A 1 2 0 3  s i n g l e  
c r y s t a l s  t h a t  a r e  f r e e  of bubbles.  
p laced  i n  contac t  w i t h .  t i t a n i u m  dioxide  .powder i n  a tungs t en  boa t  and 
I n  view of t h i s  d i f f i c u l t y ,  
The pure c r y s t a l  specimens were 
annealed a t  1700°C i n  an atmosphere of hydrogen f o r  s eve ra l  days. 
"microprobe" spectrographic  ana lys i s  i nd ica t ed  t h a t  t i t an ium had d i f fused  
Laser 
I 
t o  a depth of s e v e r a l  mi l l ime te r s  and t o  a concent ra t ion  of approxi- 
mately 500 ppm; however, the  d i s t r i b u t i o n  w a s  not homogeneous, 
As-received titanium-doped A1203 c r y s t a l s  grown by flame fus ion  
have a c h a r a c t e r i s t i c  blue color ,  which apparent ly  ind ica t e s  t h e  presence 
of T i 3 + .  After anneal ing i n  a i r  at  17OO0C, t h e  c r y s t a l s  become co lo r l e s s  
and p r e c i p i t a t i o n  occurs i f  t h e  c r y s t a l s  a r e  cooled slowly, or i f  they  
a r e  quenched and aged a t  1300°C i n  a i r .  
Growth of Titanium-Doped A1203 Single  Crys ta l s  - D. I. Matkin,2 
J. Y. Chang, ' G. W. Clark 
Techniques were developed f o r  growing titanium-doped A1203 s i n g l e  
crystals  by f l a m e  fusion.  The f l a m e  fu s ion  apparatus used i s  shown i n  
Fig.  1.1. This apparatus  f e a t u r e s  a mult iple- tube burner5 t h a t  was 
designed t o  give a more uniform mixture of oyygen and hydrogen, thereby 
increas ing  t h e  temperature and reducing t h e  temperature grad ien t  across  
t h e  diameter of t h e  flame. 
I n i t i a l l y  t h e  f eed  powder f o r  growing doped c r y s t a l s  w a s  prepared 
by dry  blending Linde A1203 "boule" powder and Linde Ti02 "boule" powder, 
However, with t h e  small  concentrat ions of Ti02 involved, t h e  mixture 
obtained w a s  not homogeneous. 
mixing with e t h y l  a lcohol ,  followed by drying and s iev ing .  
The powders are now blended by s l u r r y -  
The temperature of t h e  furnace i s  reduced gradual ly  a t  t h e  end of 
a growth run t o  prevent t h e  cracking of t h e  boule upon cool ing due t o  
i n t e r n a l  stresses.  It i s  necessary t o  f u r t h e r  stress r e l i e v e  a c r y s t a l  
t h a t  has been c a r e f u l l y  cooled t o  room temperature by anneal ing i n  a i r  
a t  temperatures i n  excess of 1700°C. 
Optimum growth condi t ions  were e s t ab l i shed  f o r  growing pure A1203 
c r y s t a l s  and then, us ing  s l i g h t l y  d i f f e r e n t  condi t ions,  A1203 c r y s t a l s  
4Consultant, Department of Chemical and Meta l lurg ica l  Engineering, 
5R. A. Lefever and G. W. Clark, Rev. Se i .  I n s t r .  33, 769, 
Universi ty  of Tennessee. 
(1962). -
.. 
5 
Fig.  1.1. Flame Fusion Apparatus f o r  Growing A 1 2 0 3  S ing le  Crys t a l s .  
The furnace muffle has  been opened t o  show an as-grown A1203  c r y s t a l  i n  
p o s i t  ion.  
containing 0.1 w t  % Ti02,  1/4 i n .  i n  diameter and 1 i n .  long, have been 
s u c c e s s f u l l y  grown, f r e e  of cracks.  These doped c r y s t a l s  s t i l l  con ta in  
bubbles, as discussed i n  t h e  previous sec t ion ,  and modif icat ions i n  
growth condi t ions are be ing  s tud ied  i n  an e f f o r t  t o  improve t h e  q u a l i t y  
of t h e  c r y s t a l s .  
Dispersion Strengthening of Metals by Control led P r e c i p i t a t i o n  
. J. P. Hamond 
Aluminum Allovs 
Extensive development i s  under way i n  t h i s  country and abroad t o  
improve t h e  q u a l i t y  of SAP-type a l l o y s  (aluminum a l l o y s  d i s p e r s i o n  
hardened wi th  A l z O 3 )  f o r  heavy-water-moderated, organic-cooled 
I 
reac tors .677  Def ic ienc ies  i n  p re sen t  SAP a l l o y s  a r e  t h e i r  l ack  of 
uniformity i n  mechanica l*proper t ies  and low f r a c t u r e  d u c t i l i t y  under 
cons tan t  s t r e s s  a t  moderately e l eva ted  temperature.  7 7  
SAP-type a l l o y s  i n  t h i s  regard  should improve with b e t t e r  con t ro l  over 
t h e  s i z e  and d i s t r i b u t i o n  of t h e  oxide d i s p e r s a n t .  
The behavior of 
Because t h e  SLIS methodg of in t roducing  d i spe r s ion  hardening o f f e r s  
____^  ~ ---- ~ .^ ~ .* * -  
exce l l en t  c o n t r o l  over f ineness  and uniformity of d i spers ion ,  a l l o y s  
prepared by t h i s  means_.ar,-b_eing,.exa~~._n~~_as a p o s s i b l e  backup ma te r i a l  
f o r  t h e  more convent ional ly  prepared SAP a l l o y s .  
. _- 
The term SLIS r e f e r s  
t o  t h e  use of a dispers ion-forming a d d i t i v e  which i s  so lub le  i n  t h e  
a l l o y  i n  i t s  l i q u i d  s t a t e  and in so lub le  i n  t h e  s o l i d  s t a t e .  Af te r  melt-  
ing,  t h e  a l l o y  i s  poured a s  a f i n e  stream from i t s  c ruc ib l e ,  whereupon 
it i s  blown a s  atomized p a r t i c l e s  aga ins t  a r o t a t i n g  quenching d isk .  
Process  parameters a r e  s e l e c t e d  t o  a s su re  quenching from t h e  molten 
s t a t e  and a t  a s u f f i c i e n t  r a t e  t o  f r e e z e  t h e  s o l u t e  atoms i n  t h e  matr ix  
l a t t i c e .  By s e l e c t i n g  s o l u t e  elements of low s o l u b i l i t y  and d i f f u s i v i t y  
i n  t h e  matr ix ,  thermal  s t a b i l i t y  of t h e  f i n e  p a r t i c l e s  t h a t  p r e c i p i t a t e  
during f a b r i c a t i o n  or  aging i s  a t t a i n e d .  
under t h e  p r o t e c t i o n  of an  i n e r t  atmosphere. 
A l l  opera t ions  a r e  conducted 
Arrangements have been made t o  ob ta in  5- lb  ba tches  of a number of 
aluminum a l l o y s  prepared by t h e  SLIS process. '  
from 2 t o  3 a t .  % of cerium, y t t r ium,  or  beryl l ium, each of which 
appears t o  meet t h e  s o l u t e  requirements f o r  e f f e c t i v e  p r e c i p i t a t i o n  by 
t h e  SLIS method. 
These a l l o y s  conta in  
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Thorium Alloys 
Endeavors t o  d i spe r s ion  harden thorium metal with Tho2 by a method 
based on b a l l m i l l i n g  f o r  thorium powder refinement and blending i n  t h e  
d i spe r san t  have met with moderate success .  lo 
f ineness  of d i spe r s ion  were obtained and creep s t r eng th  a t  800°C i n  
i s o l a t e d  in s t ances  was s l i g h t l y  supe r io r  t o  any r epor t ed  f o r  thorium 
a l l o y s .  However, t h e  procedure appeared c o s t l y  and d i f f i c u l t  t o  con t ro l .  
Consequently two a d d i t i o n a l  processes  f o r  d i spe r s ion  s t rengthening a r e  
p r e s e n t l y  under s tudy.  
S t r u c t u r e s  near  optimum i n  
-. -.._-__ - -. 
I_ - ... . - 
The f i r s t  involves  t h e  SLIS process  descr ibed  i n  t h e  previous sec t ion .  
It has  been demonstrated t h a t  thorium-beryll ium a l l o y  powders can be p re -  
pared by t h i s  process ,9  and exce l l en t  r e s u l t s  have been obtained f o r  both 
a Th-1.3 wt $ Be and a '3314.6 wt $ Be a l l o y .  
c e s s f u l l y  f a b r i c a t e d  i n t o  1- in . -diam rod by upset-extruding a t  600°C wi th  
a 9 t o  1 reduct ion  r a t i o .  
I .  
___ _-*- - 1 -  
The l a t t e r  powder w a s  suc- __ ._.'* ...I .---..*- 
The second process  under cons idera t ion  involves  i n t e r n a l  boronat ion  .-. --- - -  
through a d d i t i o n  of e lemental  boron t o  thorium-zirconium a l l o y  powder and 
subsequent p r e c i p i t a t i o n  of Z r B 2  dur ing  elevated-temperature  f a b r i c a t i o n .  
We have demonstrated t h a t  s o l i d - s o l u t i o n  a l l o y s  of zirconium i n  thorium 
can be hardened s u b s t a n t i a l l y  by t h i s  method. 
process ing  scheme would involve p repa ra t ion  of t h e  a l l o y  powder from 
c o p r e c i p i t a t e d  ThO;!.ZrO;! by convent ional  bomb reduct ion ,  b lending  i n  t h e  
boron, and conso l ida t ing  by hot upset  ex t rus ion .  I n  the  developmental 
s t ages  we a r e  us ing  both bomb-reduced powders and powders prepared by 
hydr id ing  and dehydriding of arc-melted a l l o y s .  
l a t t e r  method lends  i t s e l f  t o  more d e f i n i t i v e  eva lua t ion  of p o t e n t i a l l y  
important process  v a r i a b l e s  because of i t s  higher  q u a l i t y  wi th  r e spec t  
t o  homogeneity and c o n t r o l  of composition and p a r t i c l e  s i z e .  
An economically a t t r a c t i v e  
Mater ia l  p repared  by t h e  
loJ. A. Burka and J. P. Hammond, Metals and Ceramics Div. Ann. Progr .  
Rept . June 30, 1964, ORNL-3670, pp. 249-50. 
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Three a l l o y  powder compositions have been prepared by t h e  hydride- 
dehydride rou te  and two by bomb reduct ion.  
weight percent ,  a r e  given below. 
The nominal compositions, i n  
H-vdr i de  Rout e 
T h 4 . 6 5  Z r  
Th-5 U-4.65 Z r  
Th-2.25 Z r  
Bomb Reduct ion  
Th-3.18 Zr 
Th-4.59 Zr 
These powders, except f o r  t h e  bomb-reduced ba tch  containing 4.59 wt % Zr, 
were blended with s u f f i c i e n t  boron t o  q u a n t i t a t i v e l y  form ZrB2.  One-in. - 
diam. p e l l e t s  were prepared from each ba tch  by hot  p re s s ing  i n  graphi te  
d i e s  a t  1000°C and a p re s su re  of 4000 p s i .  
i n  3-in.-diam b i l l e t  shells of AIS1 1020 steel, with an in t e rven ing  
n i cke l  can as a r e a c t i o n  b a r r i e r ,  f o r  ex t rus ion .  
A l l  p e l l e t s  were incorporated 
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2 .  FUEL ElXMENT DEVELOPMENT 
G .  M. Adamson, Jr. 
The Fue l  Element Development Program continues t o  b e  d i r e c t e d  toward 
development of new o r  improved f a b r i c a t i o n  techniques f o r  both f u e l s  
and cladding materials. 
We have demonstrated t h e  chemical f e a s i b i l i t y  of a one-step thermo- 
chemical conversion r e a c t i o n  f o r  e i t h e r  UF6 o r  UCl4 t o  UO2. The 
product i n  each case may be  obtained i n  t h e  form of a powder o r  s o l i d .  
Submicron UO;! powder produced from m6 i s  c u r r e n t l y  being evaluated 
f o r  f a b r i c a t i o n  behavior .  
Prel iminary s t u d i e s  of d i r e c t  r educ t ion  of u!?6 with l i t h i u m  vapor 
i n d i c a t e  uranium metal may be obtained t h u s  giving a p o t e n t i a l  method 
f o r  r educ t ion  of a uranium h a l i d e  t o  UC, UN o r  U ( C N )  mixtures.  
Greater c o n t r o l  has  been obtained i n  producing homogeneous 
tungsten-rhenium depos i t s  by modifying t h e  depos i t i on  appa ra tus .  
Two approaches have been taken t o  t h e  problem. 
apparatus  t h a t  allows a l a r g e  gas volume i n  r e l a t i o n  t o  t h e  s u b s t r a t e  
has  given uniform composition d e p o s i t s  over t h e  f u l l  specimen length,  
while an apparatus  designed t o  provide complete r educ t ion  of t h e  gas 
i n  a h igh ly  l o c a l i z e d  moving ho t  zone a l s o  gives  uniform composition. 
An e x t e r n a l  coa t ing  
Deposit ion of Uranium Dioxide by Hydroreduction 
of Uranium Hexafluoride 
R .  L. Heestand C .  F. k i t t e n ,  Jr. 
Experiments i n  syn thes i z ing  uranium dioxide powder from uranium 
hexafluoride,  hydrogen, and steam were continued due t o  inc reas ing  
i n t e r e s t  i n  f a b r i c a t i o n  behavior of t h e  material. Since p a r t i c l e  
s i z e s  l e s s  t h a n  200 A are usua l ly  produced, it i s  a n t i c i p a t e d  t h a t  
t h e  high a v a i l a b l e  su r face  energy w i l l  enhance s i n t e r i n g .  
To o b t a i n  material for evaluat ion,  e i g h t  runs us ing  25 cm3/min UF6, 
0.776 cm3/min H20,  and 1000 cm3/min H2 a t  5 t o r r  and 1300°C were 
made y i e l d i n g  approximately 250 g of powder. 
oxygen-to-uranium r a t i o s  on t h e  black powder as removed from t h e  
It w a s  found tha t  
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r e a c t i o n  tube ranges between 2.074 t o  2.097 with f l u o r i n e  contents  
being approximately 5%. It i s  assumed t h a t  t h e  high f l u o r i n e  content 
i s  r e l a t e d  t o  t h e  high su r face  area of t h e  powder ( s i z e  approximately 
60 t o  200 A ) .  
Af t e r  removal from t h e  r e a c t i o n  tube,  t h e  powder was f i r e d  i n  w e t  
hydrogen a t  1000°C f o r  4 h r ,  g iv ing  an oxygen-to-uranium r a t i o  of 2.005 
and a f l u o r i n e  content ranging from 150 t o  4-00 ppm. One hundred twenty 
grams of powder were shipped t o  B a t t e l l e  Northwest f o r  eva lua t ion  while 
t h e  remainder w i l l  be used f o r  eva lua t ion  a t  ORNL. A p e l l e t  co ld  
pressed and s i n t e r e d  2 h r  a t  1700°C i n  hydrogen w a s  found t o  have a 
d e n s i t y  of 93%. 
continued . 
Stud ies  on t h e  powder t o  optimize s i n t e r i n g  w i l l  be 
Direct  Thermochemical Conversion of U C l 4  t o  U02 
F. H. P a t t e r s o n  W .  C .  Robinson, Jr. 
C .  F. k i t t e n ,  Jr. 
As prev ious ly  reported,  ', thermodynamic cons ide ra t ions  p r e d i c t  
t h e  f e a s i b i l i t y  of producing U 0 2  by t h e  d i r e c t  r e a c t i o n  of U C l 4  wi th  
oxygen and the  subsequent r educ t ion  of t h e  intermediate  r e a c t i o n  product 
by wet hydrogen. 
Experimental f a c i l i t . i e s  necessary f o r  t h i s  i n v e s t i g a t i o n  were 
constructed of qua r t z  w i t h i n  an exhaust hood. To f a c i l i t a t e  material 
handling, a n  "on stream" c h l o r i n a t o r  w a s  used t o  prepare t h e  d e s i r e d  
U C l 4  gas .  S u f f i c i e n t  q u a n t i t i e s  of t h i s  gas w e r e  produced i n  t h i s  sys-  
t e m  by pass ing  280 cm3/min 
a t  550°C with a system p res su re  of 2 t o r r .  
added t o  t h e  ch lo r ine  t o  help t r a n s p o r t  t h e  r e s u l t a n t  ch lo r ides  i n t o  
t h e  r e a c t i o n  zone of t h e  system. 
ch lo r ine  over cleaned uranium metal sheet  
About 50 cm3/min A r  was 
Y 
'F. H. Pa t t e r son ,  W .  C .  Robinson, Jr., and C .  F. k i t t e n ,  Jr., Fuels  
and Materials Development Program Quart. Progr .  Rept. ,  Mar. 31, 1965, 
ORNL-TM- 1100, pp . 3 4 .  
2F. H.  Pat terson,  W .  C .  Robinson, Jr., and C .  F. k i t t e n ,  Jr.,  Fuels  
and Materials Development Program Quart .  Progr.  Rept. ,  June 30, 1965, 
ORNL-TM-1200, p .  4 .  
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I n  t h e  r e a c t i o n  zone, 540 cm3/min 02 was i n j e c t e d  d i r e c t l y  i n t o  t h e  
incoming UCl4 gas stream followed by t h e  i n j e c t i o n  of 300 cm3/min H2 
downstream t o  produce t h e  uranium oxide d e p o s i t .  
w a s  c a r r i e d  out over t h e  temperature range 660 t o  950°C a t  a constant  
system p res su re  of 2 t o r r  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of depos i t i ng  
both f r ee - s t and ing  s o l i d s  and submicron-size powder. Above 8OO0C, t h e  
product,  a mixture of U02  and u308, w a s  deposi ted as a s o l i d  on t h e  
w a l l s  of t h e  r e a c t i o n  tube .  Analysis of t h i s  material afforded an 
oxygen-to-uranium r a t i o  of approximately 2 . 5  and 50 ppm r e s i d u a l  ch lo r ine .  
Below 800"C, t h e  r e a c t i o n  product was p a r t l y  s o l i d  with some loose 
submicron-size powder a l s o  being p resen t .  
i d e n t i f i e d  t h i s  material as U308 with some t r a c e s  of U02. This powder 
w a s  converted t o  s to i ch iomet r i c  U02 by f i r i n g  i n  wet hydrogen a t  
1000 "C . 
A s e r i e s  of depos i t i ons  
Analysis by x-ray d i f f r a c t i o n  
Gas flows w i l l  be sca l ed  up i n  t h e  e x i s t i n g  system t o  demonstrate 
t h e  f e a s i b i l i t y  of producing heav ie r  f r ee - s t and ing  s o l i d  d e p o s i t s  of 
U02 and larger quantit ies of submicron-size powder f o r  f u r t h e r  
c h a r a c t e r i z a t i o n .  
Deposit ion of Uranium Compounds by Lithium Reduction of UF6 
W .  C .  Robinson, Jr. C. F. k i t t e n ,  Jr. 
A f t e r  r e s o l u t i o n  of previous vacuum d i f f i c u l t i e s ,  experiments 
were performed t o  v e r i f y  t h e  f e a s i b i l i t y  of t h e  r e a c t i o n  
UF6(g) f 6 L i ( g )  2 U(s) + 6  LiF(g) . (1) 
Previous thermodynamic c a l c u l a t i o n s 4  ind ica t ed  t h a t  t h i s  
r e a c t i o n  should be f e a s i b l e .  Once f e a s i b i l i t y  of t h i s  r e a c t i o n  i s  
3W. C. Robinson, Jr. and C. F. Le i t t en ,  Jr., Fuels  and Materials 
Development Program Quart. Progr.  Rept . ,  June 30, 1965, ORNL-TM-1200, p . 5 .  
4W. C .  Robinson, Jr. and C F. k i t t e n ,  Jr. Fuels  and Materials 
Development Program Quart. Progr.  Rept.,  March 31, 1965, ORNL-TM-1100, 
pp. 4-5. 
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es t ab l i shed ,  CH4 w i l l  be introduced i n t o  t h e  e n t e r i n g  gas streams i n  an 
e f f o r t  t o  deposi t  uranium carbide.  
The l i t h i u m  w a s  i n s e r t e d  i n t o  t h e  apparatus and t h e  l i t h i u m  chamber 
A p re s su re  of 1 t o r r  was e s t a b l i s h e d  i n  t h e  depos i t i on  heated t o  700°C. 
chamber, and t h e  l i t h i u m  vapor was allowed t o  flow from t h e  l i t h i u m  
chamber i n t o  t h e  depos i t i on  chamber. The depos i t i on  chamber was main- 
t a i n e d  a t  1000°C i n  t h e  r e a c t i o n  zone and had a water-cooled end. 
When l i t h i u m  began t o  condense i n  t h e  cold end of t h e  depos i t i on  chamber, 
a flow of 15 t o  20 cm3/min U F G  was introduced i n t o  t h e  r e a c t i o n  zone. 
This procedure was followed f o r  two experiments. I n  both experiments, 
the  U F G  i n j e c t o r  became plugged. Examination revealed t h a t  a m e t a l l i c  
deposi t  had formed i n  t h e  m6 i n j e c t o r  and f i n a l l y  c losed off  t h e  t i p .  
This deposi t  has been i d e n t i f i e d  a s  uranium metal and i s  now undergoing 
a n a l y s i s  f o r  l i t h i u m  and f l u o r i n e  content .  
These experiments e s t a b l i s h  t h e  f e a s i b i l i t y  o f  r e a c t i o n  (l), b u t  
equipment modif icat ions must be  made t o  prevent  t h e  u F 6  reduct ion a t  
t h e  gas i n j e c t o r  t i p .  
Deposit ion of Tungsten Alloys 
J. I. Federer C .  F. k i t t e n ,  Jr. 
Improvements i n  uniformity of composition and th i ckness  of 
tungsten-rhenium depos i t s  have been accomplished by a moving hot-zone 
technique. A c h a r a c t e r i s t i c  f e a t u r e  of t h e s e  d e p o s i t s  has been 
c i r cumfe ren t i a l  r i d g e s  of varying height ,  width, and spacing. I n  a 
nominally 20-mil-thick deposi t  t h e  r i d g e s  are about 20 m i l s  high, 
20 t o  40 m i l s  wide, and spaced 1/16 t o  1/4 i n .  apart. The micro- 
s t r u c t u r e  of a r idge  growth, shown i n  Fig.  2.1, i s  similar t o  t h a t  
of nodular growths sometimes found i n  tungs t en  d e p o s i t s .  Grown-in 
p o r o s i t y  occurs along t h e  g r a i n  i n t e r f a c e s .  
-------.-5-”-- _ _  _ _  
/,------. - 
5J. I. Federer and C. F. k i t t e n ,  Jr., Fuels and Materials Develop- 
ment Program Quart. Progr.  Rept. ,  June 30, 1965, ORNL-TM-1200, pp. 5-9. 
6F. H.  P a t t e r s o n  and C .  F. k i t t e n ,  Jr., High-Temperature Materials 
Program Quart, Progr.  Rept. ,  J an .  31, 1965, ORNL-TM-1050, pp. 98-99. 
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Fig. 2.1.  Microstructure  o f  a Ridge Growth i n  a Tungsten-Rhenium 
Etchant:  5@ NH&OH-5@ H202. Deposit Prepared with a Moving Hot Zone. 
250X. 
These r idges  were t e n t a t i v e l y  a t t r i b u t e d  t o  sharp thermal g r a d i e n t s  
w i t h i n  t h e  hot  zone of  t h e  deposi t ion tube which was heated by induct ion.  
However, t h e  use of a susceptor  t o  h e a t  t h e  tube by d i r e c t  r a d i a t i o n  d i d  
not  eliminate t h e  r idges .  Examination of numerous d e p o s i t s  prepared i n  
a moving h o t  zone ind ica t ed  t h a t  t h e  r i d g e s  began t o  form on t h e  i n l e t  
side of  t h e  hot  zone, a region having a sharp thermal g rad ien t .  This w a s  
confirmed i n  two sepa ra t e  experiments. 
t h e  inne r  wa l l  o f  a s t a i n l e s s  s t e e l  depos i t i on  tube heated by r a d i a t i o n  
from a susceptor .  The depos i t i on  condi t ions were similar t o  those  used 
previously,  except t h a t  t h e  hot  zone was s t a t i o n a r y .  Upon examination 
of t h e  depos i t ,  r i dges  were found on t h e  i n l e t  s i d e  of t h e  ho t  zone. I n  
another experiment, t h e  depos i t  formed on t h e  o u t e r  w a l l  o f  a depos i t i on  
tube contained within a quartz tube so t h a t  observat ions could be made 
during depos i t i on .  Again, t h e  f i r s t  r idge  formed on t h e  i n l e t  s i d e  o f  
t h e  ho t  zone and grew upon passing through t h e  h o t  zone. 
A depos i t  was allowed t o  form on 
S u f f i c i e n t  experiments have now been conducted t o  show t h a t  t h e  
moving hot-zone technique has p o t e n t i a l  f o r  preparing tungsten-rhenium 
d e p o s i t s  having uniformity of composition and th i ckness ;  b u t  unless  t h e  
r i d g e s  can be el iminated or g r e a t l y  minimized, t h e  d e p o s i t s  w i l l  be 
u n s a t i s f a c t o r y  f o r  many a p p l i c a t i o n s .  
+--------- 
Another technique being i n v e s t i g a t e d  f o r  preparing tungsten-rhenium 
depos i t s  c o n s i s t s  of depos i t i on  on t h e  ou te r  su r f ace  of a mandrel 
which i s  contained i n  a r e l a t i v e l y  l a r g e  mixing chamber as shown 
schematically i n  F ig .  2 . 2 .  The chamber i s  about 4 i n .  i n  ou t s ide  
diameter and 12 i n .  long and i s  f i t t e d  with end f l anges .  The 3/4-in.-OD 
depos i t i on  mandrel extends through t h e  f langes and i s  heated i n t e r n a l l y .  
A gas - in l e t  p o r t  i s  provided i n  one end f l a n g e  and a n  exhaust 
p o r t  i n  t h e  o t h e r .  The i n l e t  gases and t h e  by-product gas, HF', expand 
i n t o  t h e  mixing chamber, thus  providing a more uniform gas mixture f o r  
\_C-._.. 
r e a c t i o n  a t  t h e  mandrel su r f ace  than  i s  p o s s i b l e  i n  t he  case of 
i n t e r n a l  depos i t i on  i n  a r e l a t i v e l y  long and narrow tube .  A depos i t  
w a s  prepared a t  600"C, 1 0 - t o r r  pressure,  and gas flow rates of 2000, 
60 ,  and 20 cm3/min of H2, WF6, and ReF6, r e s p e c t i v e l y .  
recovery of 78% w a s  obtained, and t h e  rhenium content along t h e  l eng th  
of t h e  depos i t  i s  given below. 
A metal 
Distance from 
gas i n l e t  
( i n . )  
5 
6 
7 
8 
9 
1 0  
Rhenium content 
( k) 
26 .2  
2 6 . 1  
2 6 . 4  
25 .3  
25 .5  
2 3 . 4  
2 5 . 2  
25.3 
23.3 
The depos i t  had a smooth su r face  t e x t u r e  with only a f e w  growth 
cones or nodules. The microstructure ,  shown i n  Fig.  2.3, w a s  u n l i k e  
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Fig .  2 .2 .  Schematic of Apparatus for Deposition on the Outer 
Surface  of a Mandrel. 
Fig. 2 .3 .  Layered S t r u c t u r e  i n  a Tungsten-Rhenium Deposit Prepared 
i n  an  Externa l  Coating Apparatus. Etchant :  5@ NH40H-5@ H202. 250X. 
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t h e  co1umna.r s t r u c t u r e s  i n  depos i t s  prepased by o t h e r  techniques ,  The 
la.yered s t r u c t u r e  shown i n  F ig .  2 . 3  i s  simi1a.r t o  t h e  s t r u c t u r e  found i n  
tungsten-rhenium depos i t s  prepared by therma.1 decomposition of tungs ten  
a.nd rhenium ch lo r ides  ak about 1200°C.7 Layering i s  a. phenomenon a.sso- 
c i a t e d  with a l l o y  depos i t ion  and, poss ib ly ,  ca.n be minimized by a,djusting 
t h e  depos i t ion  parameters.  
t he  technique.  
Fur ther  experiments a re  planned t o  eva.lua.te 
The depos i t ion  of  f ine-gra ined ,  r a t h e r  than  t h e  usual columnar- 
grained,  tungs ten  w a s  no t  pursued during t h i s  r e p o r t  pe r iod  because major 
emphasis w a s  p laced  on problems of tungsten-rhenium depos i t ion .  
micros t ruc ture  of  a depos i t  t o  which vanadium w a s  added as an a.l loying -______^___I ---. 
c o n s t i t u e n t 5  i s  shown i n  F ig .  2.4 .  
The 
__ l_.--.-". 
The g r a i n  s t r u c t u r e  of  t h i s  ma te r i a l ,  
7Richard Kaplan, San Fernando Laboratory, p r i v a t e  communication. 
F ig .  2.4 .  Grain S t r u c t u r e  o f  a Tungsten Deposit Containing 
880 ppm V. Etchant :  5@ NH4OH-5% H202. 20OX.  
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which contained 880 ppm V, was n e i t h e r  columnar nor equiaxed. 
were elongated i n  t h e  growth d i r ec t ion ,  upwards (as can be seen i n  
Fig.  2 . 4 ) ,  bu t  d i d  not  extend completely through t h e  depos i t .  The two 
dark l i n e s  near  t h e  bottom of Fig.  2.4 may be entrapped VF,, which w a s  
i d e n t i f i e d  as a microconst i tuent  i n  o the r  regions of t h e  depos i t .  
The g ra ins  
F’uture experiments will u t i l i z e  t h e  e x t e r n a l  coa t ing  apparatus i n  an 
e f f o r t  t o  achieve a more uniform d i s t r i b u t i o n  of  t h e  a l loy ing  cons t i t uen t s .  
Plans a l s o  inc lude  t h e  in t roduc t ion  of con t ro l l ed  amounts of  oxygen and 
carbon t o  t h e  a l loys .  
1% 
3. NONDESTRUCTIVE TEST DEVEMPMENT 
R. W .  McClung 
Our program i s  intended t o  develop new and improved methods of 
eva lua t ing  r e a c t o r  ma te r i a l s  and components. To achieve t h i s  w e  have 
s tud ied  va r ious  p h y s i c a l  phenomena, developed instrumentat ion and o the r  
-rr 
__ ---- . --------- 
equipment, devised a p p l i c a t i o n  techniques,  and designed and f a b r i c a t e d  
reference s tandards.  Among t h e  methods being a c t i v e l y  pursued are 
electromagnetics (with major emphasis on eddy c u r r e n t s ) ,  u l t r a s o n i c s ,  
and p e n e t r a t i n g  r a d i a t i o n .  I n  a d d i t i o n  t o  our programs o r i en ted  toward 
t h e  development of methods, w e  are studying t h e s e  and o the r  methods f o r  
eva lua t ion  of problem materials and developing techniques f o r  remote 
in spec t  ion.  
Electromagnet i c T e s t  Methods 
C. V .  Dodd 
Analyt ic  a1 Stud ies  
We have continued r e sea rch  and development on electromagnetic 
phenomena on both an a n a l y t i c a l  and empir ical  b a s i s .  A s  a p a r t  of t h e  
program, we are  s tudying t h e  mathematical determinat ion of impedance 
of an eddy-current c o i l  and o the r  electromagnetic phenomena as a func t ion  
of c o i l  dimensions, frequency, specimen conduc t iv i ty  and permeabi l i ty ,  
and coil-to-specimen spacing ( l i f t - o f f ) .  
been publ ished which contains  a d e r i v a t i o n  of t h e  equat ions and examples 
of t h e i r  use.  
A t e c h n i c a l  memorandum' has 
Beat -Frequency Eddy-Current Instrument 
We have developed and cons t ruc t ed  a prototype beat-frequency eddy- 
cu r ren t  instrument t o  measure conduct ivi ty  v a r i a t i o n s  i n  metals. The 
'C. V .  Dodd, A So lu t ion  of Electromagnetic Induct ion Problems, 
ORNL-TM-1185 (August 1965). 
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instrument has  two L-C o s c i l l a t o r s .  One o s c i l l a t o r  i s  tuned by t h e  
impedance of the  tes t  c o i l  as it i s  affected by t h e  metal  specimen. 
The second o s c i l l a t o r  i s  tuned by a v a r i a b l e  p i s t o n  capac i to r  t o  t r a c k  
t h e  f i r s t  o s c i l l a t o r .  We designed t h e  shape of t h e  capac i to r  t o  give 
l i n e a r  d i a l  readings d i r e c t l y  i n  microhm cent imeters .  
c i e s  a r e  bea t  t oge the r  and t h e  output i s  f e d  i n t o  a speaker. 
instrument does not have any l i f t - o f f  compensation, it does have t h e  
advantages of high r e so lu t ion ,  d i r e c t  readings,  p o r t a b i l i t y ,  and inex-  
pensive components. 
g r e a t e s t  s e n s i t i v i t y  and accuracy of any of t h e  common eddy-current 
c i r c u i t s .  
The two frequen- 
While t h e  
This instrument approach has  t h e  p o t e n t i a l  f o r  t h e  
Ul t rasonic  T e s t  Methods 
K. V. Cook 
Nonbond S tud ie s  
We have continued our s t u d i e s  on t h e  behavior of u l t rasound i n  
t h i n  s e c t i o n s  with t h e  p r i n c i p a l  e f f o r t  be ing  t h e  d e t e c t i o n  of nonbonds 
i n  c ladding s t r u c t u r e s .  
eva lua t ing  f u e l  t ubes  i n  a "hot"  ( r a d i a t i o n  l e v e l )  l a b o r a t o r y . 2  
Teflon guide block has  been f ab r i ca t ed ,  and we have demonstrated t h a t  
it w i l l  maintain proper  alignment between t h e  t ransducer  and t h e  spec i -  
men dur ing  eva lua t ion .  
We a r e  a t tempting t o  develop a system f o r  
The 
A mechanical system f o r  h e l i c a l l y  scanning t h e  f u e l  tubes  i n s i d e  
a hot  c e l l  has  been designed and f a b r i c a t e d  i n  conjunct ion wi th  personnel  
from HRLEL. 
checkout and w i l l  probably be i n s t a l l e d  i n  t h e  h o t - c e l l  f a c i l i t y  w i th in  
one month. 
The scanner i s  now i n  our l abora to ry  f o r  an ope ra t iona l  
*K. V .  Cook, Fuels and Mater ia l s  Development Program Quart. Progr .  
Rept . June 30, 1965, ORNL-TM-1200, p .  27. 
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Tubing Inspect ion 
Reference Standards.  -We a r e  cont inuing t o  work on t h e  problems 
encountered i n  tub ing  in spec t ion .  A major problem i s  t h e  establishment 
of r e a l i s t i c  u l t r a s o n i c  notch s tandards f o r  c a l i b r a t i o n .  E l e c t r i c a l -  
discharge machining appears t o  be a r e l i a b l e  method f o r  making both 
inner-  and outer-surface notches, and we a r e  continuing t c  use t h i s  
technique f o r  our s t u d i e s .  
notches u n t i l  t hey  more nea r ly  resemble cracks,  we machined notches 
with an 0.001-in.-thick tantalum t o o l .  Tool wear i s  considerably reduced 
with t h e  tantalum when compared t o  t h e  b r a s s  shims we have been using; 
however, t h e  notch width w a s  not decreased. Figure 3 . l a  shows an 
0.002-in.-deep notch made with a brass t o o l  and Fig.  3 . l b  shows a 
s imilar  notch f a b r i c a t e d  us ing  t h e  tantalum t o o l .  Actual ly  t h e  notch 
cut  w i t h  t he  brass would m a k e  a b e t t e r  s tandard and it can be cut  about 
s i x  t imes fas te r .  We w i l l  make f u r t h e r  a t tempts  t o  narrow t h e  notch 
width. We have demonstrated t h a t  t h e  c a l i b r a t i o n  curves der ived f o r  
l / g - i n .  -long notches are a l s o  v a l i d  f o r  1/4- and 1/2-in.  -long notches.  
I n  an e f f o r t  t o  decrease t h e  width of our 
Conta e t  -Immersion Tes t ing  
Sheet and P l a t e  Evaluation. - Many times it would be d e s i r a b l e  t o  
be able t o  combine f e a t u r e s  of both t h e  contact  and t h e  immersion 
methods of u l t r a s o n i c  t e s t i n g .  This i s  e s p e c i a l l y  t r u e  f o r  eva lua t ing  
sheet  o r  p l a t e  f o r  t r a n s v e r s e  cracking us ing  a shear-wave u l t r a s o n i c  
technique. The contact  method allows scanning of moderately warped 
sheet  without l o s s  of s e n s i t i v i t y  and a l s o  allows hand scanning so 
t h e  t ransducer  can be r o t a t e d  continuously, thereby de tec t ing  t r a n s -  
v e r s e  d i s c o n t i n u i t i e s  of any o r i e n t a t i o n .  However, t h i s  method 
r equ i r ed  a constant  t ransducer  p re s su re  and coupling t o  a s su re  a 
r e l i a b l e  in spec t ion .  Also, t h e  c r y s t a l  mounting can damage t h e  sheet  
being inspected.  The immersion technique d e l e t e s  t h e  problems j u s t  
described; however, it t a k e s  excessive in spec t ion  t ime t o  scan f o r  a l l  
p o s s i b l e  o r i e n t a t i o n s  of t r a n s v e r s e  cracking, and f o r  warped shee t s  
c e r t a i n  a reas  w i l l  not be evaluated.  Thus, i f  t h e  good f e a t u r e s  of each 
could be combined, it could provide an improved system f o r  scanning 
. 
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(b) I-... 
1.. . 
Fin.  3 .1 .  Notches Fabricated by Electro-Discharge Ma.chining. As- - 
po l i shed .  (a)  Using bra.ss shim and ( b )  using tantalum shim. 
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shee t  and p l a t e  f o r  t r a n s v e r s e  cracking.  A hand manipulated scanner has 
been designed and f a b r i c a t e d  t o  a l low t h i s  combination. 
t h e  t ransducer  a t  a v a r i a b l e  angle  (0 t o  50") and r i d e s  on t h e  inspec- 
t i o n  p i ece  on four  Teflon contac t  p o i n t s .  
p l a t e  can be moderately warped and t h e  in spec t ion  s t i l l  be v a l i d .  
The device holds  
With t h i s  mechanism, t h e  
We 
have been using t h e  device on a t a b l e  which has a 3-in.-deep s t a i n l e s s  
s t e e l  immersion tank  as a t o p .  
Pipe J o i n t  Evaluation. - The same contact-immersion device developed 
f o r  eva lua t ing  sheet  can be app l i ed  t o  t h e  eva lua t ion  of p ipe  j o i n t s  by 
t h e  u l t r a s o n i c  shear-wave method. The cu r ren t  design r e q u i r e s  a s t r a i g h t  
s e c t i o n  of p ipe  so  t h a t  f r o n t  and r e a r  f e e t  of t h e  device a r e  on a l i n e  
p a r a l l e l  t o  t h e  p ipe  a x i s  f o r  sending a sound beam l o n g i t u d i n a l l y  along 
t h e  p ipe .  This system w i l l  be  app l i cab le  t o  t h e  eva lua t ion  of b u t t  
w e l d e d  p ipe  joints. 
Pene t r a t ing  Radiat ion 
X- and Gamma-Ray Attenuat ion Gaging - B. E. Foster ,  S. D. Snyder 
Fuel  Element Homogeneity. - W e  a r e  cont inuing t h e  s tudy  of x- and 
gamma-ray a t t e n u a t i o n  f o r  t h e  eva lua t ion  of f u e l  elements. 
t r ansmi t t ed  i n t e n s i t y  i s  monitored r e a d i l y  us ing  a s c i n t i l l a t i o n  de tec to r  
and i s  then  r e l a t e d  through proper  c a l i b r a t i o n  t o  t h e  f u e l  loading  homo- 
genei ty  wi th in  t h e  a r e a  of i n t e r e s t .  The da ta  ana lys i s  i s  cont inuing on 
two v i b r a t o r i l y  compacted Th-3 wt $ U 0 2  f u e l  rods (1/2 i n .  i n  d iameter ) ,  
s i x  Tho2 p e l l e t s  (1/2 i n .  i n  diameter) ,  and nine Tho2 p e l l e t s  ( 3 / 4  i n .  i n  
diameter) t h a t  were scanned f o r  homogeneity us ing  6oCo and 137Cs as t h e  
r a d i a t i o n  sources .3  For t h i s  a n a l y s i s  we a r e  making a s e r i e s  of graphs 
r e l a t i n g  scanning speeds, energy of t h e  r a d i a t i o n  source, inhomogeneity 
s e n s i t i v i t y  and system s t a b i l i t y .  
w i l l  provide u s  wi th  da t a  f o r  s e l e c t i n g  t h e  proper  i so tope ,  scanning 
speed, and co l l imator  s i z e  t o  determine t h e  homogeneity i n  v i b r a t o r i l y  
compacted f u e l  rods i n  t h i s  s i z e  range. 
Var ia t ion  i n  
The r e s u l t s  o f  t h e  o v e r a l l  eva lua t ion  
3B. E. Fos te r  and S. D. Snyder, Fuels  and Mater ia l s  Development 
Program Quar t .  Progr .  Rept. June 30, 1965, ORNL-TM-1200, p .  29. 
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Gaging Probes f o r  Hollow Cy l ind r i ca l  Specimens. - We a r e  continuing 
our i n v e s t i g a t i o n s  i n t o  t h e  development of s c i n t i l l a t i o n  d e t e c t o r  probes 
t o  be  i n s e r t e d  i n t o  hollow c y l i n d r i c a l  specimens f o r  determination of 
f i e 1  homogeneity o r  w a l l  th ickness  by x-ray a t t e n u a t i o n .  
l i g h t  p ipes  i s  being s tudied  f o r  t r a n s m i t t i n g  the  l i g h t  from a NaI(T1)  
c r y s t a l  t o  a photomul t ip l ie r  tube when t h e  c r y s t a l  i s  bombarded with 
x o r  gamma rays.  ' 
and quartz  rods t h a t  were coupled between a 1/4-in. - d i m ,  1/2-in.  -long 
N a I ( T 1 )  c r y s t a l  and an RCA 6342A pho tomul t ip l i e r .  These c r y s t a l  and 
l i g h t  pipe assemblies were i n s e r t e d  i n t o  s t a i n l e s s  s t e e l  tubing wi th  
an 0.020-in.-wall  thickness ,  and v a r i a t i o n s  i n  thickness  as s m a l l  as 
0.2$ were de tec tab le .  
The use of 
We have compared 5/16-in. -diam, 20-in. -long Luci te  
We observed very l i t t l e  d i f fe rence  i n  l i g h t  t ransmiss ion  e f f i c i e n c y  
between t h e  Luci te  and t h e  quartz.  Since t h e  quartz  requi res  considerably 
more e f f o r t  t o  prepare than  t h e  Luci te ,  we do not i n t end  t o  pursue t h e  
use of  quartz  a t  t h i s  time. A l i t e r a t u r e  survey i s  i n  progress  concerning 
the  use of var ious l i g h t  t r a n s m i t t i n g  ma te r i a l s  f o r  l i g h t  p ipes  and a 
program f o r  optimizing mater ia l ,  shape, s i z e ,  and o t h e r  important param- 
e t e r s  f o r  our appl ica t ions  has been out l ined .  
S c i n t i l l a t i o n  Spectrometry - B. E. Fos te r ,  D. W. N e i l  
We a r e  continuing t h e  program f o r  determining the  uranium content  
i n  uranium-aluminum a l loy  r ec t angu la r  blanks using a nondestruct ive tech- 
nique. The equipment c o n s i s t s  of  a N a I ( T 1 )  c r y s t a l  and pho tomul t ip l i e r  
tube,  l i n e a r  ampl i f ie r ,  s ingle-channel  analyzer,  high-voltage supply, 
s ca l e r ,  and t imer  connected i n  t h e  conventional spectrometer arrangement. 
With the  spectrometer we monitored t h e  count r a t e  of t he  184-kev gamma 
ray  from t h e  decay of 235U. 
periods a t  frequent  i n t e r v a l s  over s e v e r a l  days as a check on i n s t r u -  
ment s t a b i l i t y .  The equipment proved qu i t e  s t ab le ,  and reproducible  d a t a  
were obtained.  It w a s  necessary t o  e s t a b l i s h  a r e l a t i o n s h i p  between count 
The count r a t e  w a s  determined f o r  5-min 
4B. E. Fos t e r  and S. D. Snyder, Fuels  and Mater ia ls  Development 
Program Quart. Progr.  Rept. Mar. 31, 1965, ORNL-TM-1100, p.  23. 
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r a t e  and uranium content .  This w a s  accomplished by ob ta in ing  the  count 
r a t e  from s e v e r a l  core blanks,  each with a d i f f e r e n t  uranium loading. 
Then t h e  cores  were dissolved chemically f o r  uranium content.  O f  course, 
as t h e  uranium content increases ,  t h e r e  i s  an increase  i n  se l f - abso rp t ion  
o f  t h e  184-kev gamma ray .  
made f o r  s e l f - abso rp t ion  and instrument resolving time. A p l o t  w a s  then 
made of  c o r r e c t e d  count r a t e  vs grams uranium. Subsequent cores  can be 
counted and t h e  uranium content read d i r e c t l y  from t h e  p l o t .  The ca l ib ra -  
t i o n  i s  incomplete but  a cursory examination of t he  da ta  looks qu i t e  
promising f o r  accu ra t e  values over a wide range of  uranium content .  
Corrections t o  t h e  observed counting r a t e s  were 
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4.  ZIRCONIUM METALLURGY 
M. L. Picklesimer 
We are conducting research along several lines on zirconium-base 
alloys of potential use as structural materials for water-cooled and/or 
-moderated reactor systems. The principal projects are : (1) studies 
of the physical metallurgy, including transformation kinetics and 
morphologies, mechanical properties, phase diagrams, and heat-treatment 
response; (2) the development, evaluation, and utilization of preferred 
orientation and strain anisotropy in a-zirconium alloys during fab- 
rication, and the utilization of yield stress anisotropy in increasing 
m a x i m u m  permissible design stresses in structures; (3) the determina- 
tion of the effects of composition, temperature, and environment on 
the oxidation-corrosion rates in the thin-film stages of oxide growth; 
( 4 )  a study of the effects of alloy composition and oxidation environ- 
ment on the structural properties of thin oxide films -- in situ; and 
(5) investigation of stress orientation of hydrides in Zircaloy-2. 
Precipitation of Hydrides in Zircaloy-2 as Affected by Preferred 
Orientation, Elastic Stress, and Hydrogen Content' 
P. L. Rittenhouse M. L. Picklesimer 
Hydride plates in Zircaloy-2 that are oriented perpendicular to a 
stress direction can drastically reduce ductility. This report discusses 
a continuation of work to determine the factors that influence direc- 
tional precipitation of the hydrides. 
Zircaloy-2 specimens were hydrided to three hydrogen levels and 
the hydrides were precipitated while the specimens were subjected to an 
elastic stress in either the rolling or transverse direction. 
'Abstract of report ORNL-TM-1239 (September 1965). 
26 
S t r e s s e s  app l i ed  during p r e c i p i t a t i o n  cause a r e o r i e n t a t i o n  of the 
hydrides which i s  dependent on stress l e v e l ,  t h e  d i r e c t i o n  of stress 
r e l a t i v e  t o  c rys t a l log raph ic  f e a t u r e s  of t h e  t e x t u r e  of Zircaloy-2, 
and t h e  hydrogen content .  
The Effect  of Temperature Cycling Under Load on t h e  D i r e c t i o n a l  
P r e c i p i t a t i o n  of Hydrides i n  Zircaloy-2 
P. L. Rittenhouse 
The e f f e c t s  of p r e f e r r e d  o r i e n t a t i o n ,  stress, and hydrogen content 
on t h e  d i r e c t i o n a l  p r e c i p i t a t i o n  of hydrides i n  Zircaloy-2 have been 
s tudied and t h e  da t a  presented.172,3 
i n  t h e  p a s t  have been s ing le -cyc le  t e s t s ;  t ha t  is, t h e  hydrides were 
p r e c i p i t a t e d  during only one cool ing from 400°C. 
series of t e s t s ,  specimens of Schedule 18 Zircaloy-2 (Ref. 4 )  
(nominally 150 ppm H 2 )  were heated and cooled while continuously under 
an e l a s t i c  stress of 15,000 p s i  f o r  as many as twenty cyc le s .  All of 
t h e s e  t e s t s  were made on specimens with s t r e s s  axes p a r a l l e l  t o  t h e  
t r a n s v e r s e  d i r e c t i o n  of t h e  r o l l e d  p l a t e  from which they  were cu t .  
A l l  of t h e  load t e s t s  performed 
I n  t h e  present  
The hydride po le  f i g u r e s 5  determined a f t e r  1, 5, and 10 cyc le s  of 
hea t ing  and cool ing under t h e  e l a s t i c  stress are very similar, with 
a maximum po le  d e n s i t y  of s l i g h t l y  more t h a n  4 at  t h e  normal d i r e c t i o n ,  
as shown i n  Fig.  4 .1 .  The maximum po le  d e n s i t y  observed i n  t h e  
c o n t r o l  (o r  uns t r e s sed )  specimens was 20 a t  t h e  same l o c a t i o n . 4  
20 cycles  of h e a t i n g  and cooling, t h e  maximum p o l e  dens i ty  near 
A f t e r  
2P. L. Rittenhouse,  Fuels  and Materials Development Program wart. 
3P. L .  Rittenhouse,  Fuels  and Mate r i a l s  Development Program Quart. 
'P. L. Rittenhouse and M .  L.  Picklesimer,  The E f f e c t  of  P r e f e r r e d  
Progr. Rept. June 30, 1965, ORNL-TM-1200, pp. 31-35. 
Progr. Rept. June 30, 1964, ORNL-TM-920, pp. 57-60. 
- 
Orien ta t ion  and S t r e s s  on t h e  Di rec t iona l  P r e c i p i t a t i o n  of  Hydrides i n  
Zircalov-2,  ORNL-TM-844 (June 1964) .  " ,  
5M. L. Picklesimer and P. L .  Rittenhouse,  "Hydride and Basal Pole 
Figures  i n  Zircaloy-2 by Quan t i t a t ive  Metallography, 'I paper presented a t  
t h e  1 9 t h  Atomic Energy Commission Metallographic Meeting, Oak Ridge 
National Laboratory, A p r i l  20-22, 1965 (proceedings t o  be publ ished as 
ORNL-TM-1161) . 
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Fig.  4 .1 .  Hydride Pole Figure i n  Zircaloy-2 a f t e r  Five Thermal 
E l a s t i c  s t r e s s  of 15,000 p s i  continuously Cycles from 100 t o  400°C. 
app l i ed .  Schedule 18 Zircaloy-2, 150 ppm H2. 
t h e  normal d i r e c t i o n  was somewhat more t h a n  6, as shown i n  F ig .  4 . 2 ,  
and a second peak of i n t e n s i t y  3 had developed a t  about 30" towards 
t h e  t r a n s v e r s e  d i r e c t i o n .  A t  t h e  p re sen t  t i m e ,  we  can not conclude 
that this s i n g l e  r e s u l t  f o r  20 cycles i s  significant nor tha t  fur ther  
cycles  w i l l  f u r t h e r  change t h e  hydride o r i e n t a t i o n .  
i s  being cycled 20 t i m e s .  I f  t h e  p re sen t  r e s u l t  i s  confirmed, a 
new s e r i e s  of much g r e a t e r  number of cycles  w i l l  be s t a r t e d .  In  
add i t ion ,  t h e  e f f e c t  of cool ing r a t e  during a s i n g l e  cycle  w i l l  be 
examined. I 
A second specimen 
2% 
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Fig.  4 . 2 .  Hydride Pole Figure i n  Zircaloy-2 a f t e r  20 Thermal 
Cycles from 100 t o  400°C. 
appl ied.  Schedule 18 Zircaloy-2, 150 ppm H 2 .  
E l a s t i c  stress of 15,000 p s i  continuously 
Anisotropy i n  Zircaloy-2 
P. L. Rittenhouse M. L. Picklesimer 
While awai t ing t h e  d e l i v e r y  of Zircaloy-2 tub ing  t o  be used i n  t h e  
program fo r  determining t h e  s t r e s s - s t r a i n  anisotropy under condi t ions of 
b i a x i a l  stress,  t h e  t u b e - t e s t i n g  apparatus i s  being used t o  perform 
compression t e s t i n g  of Zircaloy-2 specimens having over 20 d i f f e r e n t  
c rys t a l log raph ic  t e x t u r e s .  The compression y i e l d  s t r e n g t h s  and s t r a i n  
anisotropy d a t a  being c o l l e c t e d  w i l l  be used i n  conjunction with t h e  
t e n s i l e  d a t a  previously obtained on t h e s e  materials t o  give a more 
complete understanding and d e s c r i p t i o n  of t h e  anisotropy of mechanical 
<-- 
~ . p r o p e r t i e s  i n  t h e s e  materials. 
-/-.-. 
__I_c--------- 
I 
a 
29 
%‘. L. Rittenhouse and M. L. Picklesimer,  Metallurgy of Zircaloy-2: 
P a r t  11. The E f f e c t s  of Fabr i ca t ion  Variables on t h e  P r e f e r r e d  Orienta- 
t i o n  and Anisotropy of S t r a i n  Behavior, ORNL-2948 ( Jan .  11, 1961) .  
._I 
The c r o s s  s e c t i o n s  of round t e n s i l e  and compression specimens of 
Zircaloy-2 become e l l i p t i c a l  when p l a s t i c a l l y  s t r a i n e d .  The e c c e n t r i c i t y  
of t h e  e l l i p s e  of c ros s  s e c t i o n  v a r i e s  with t h e  magnitude of p l a s t i c  
s t r a i n  and t h e  o r i e n t a t i o n  of t h e  t e n s i o n  and compression axes r e l a t i v e  
t o  t h e  c rys t a l log raph ic  t e x t u r e  (and i t s  p e r f e c t i o n )  of t h e  ma te r i a l .  
It was found experimentally t h a t  t h e  c o n t r a c t i l e  s t r a i n s  i n  a t e n s i l e  
specimen could be expressed as a simple l i n e a r  f u n c t i o n  of t h e  a x i a l  
s t r a i n . 6  The equations r e l a t i n g  t h e  n a t u r a l  s t r a i n s  a r e :  
E = k i j  - Ei j  i i  
and 
where k and kik a r e  t h e  s lopes of t h e  a x i a l  s t r a i n - c o n t r a c t i l e  i j  
s t r a i n  p l o t s  and a r e  constant f o r  each s t r a i n  d i r e c t i o n  i n  a given 
specimen over a l l  s t r a i n s  from y i e l d i n g  t o  f r a c t u r e .  For an i s o t r o p i c  
mater i a1 , 
k i j  = kik = -0.5 ( 3 )  
f o r  a l l  specimen a x i s  o r i e n t a t i o n s .  The va lues  of k 
observed i n  Zircaloy-2 t e n s i l e  specimens have ranged from 4 . 0 5  t o  
-0.95. The subsc r ip t  n o t a t i o n  used f o r  t h e s e  va r ious  s t r a i n s  i s  
shown i n  F ig .  4 . 3  f o r  both t e n s i l e  and compressive s t r a i n s  i n  t h e  
d i r e c t i o n  of t h e  specimen a x i s .  
and kik i j  
k and k can be determined from 
xy’ kxZ, yx’ Y= 
Values of k 
specimens-with t e n s i l e  axes i n  t h e  r o l l i n g  and t r a n s v e r s e  d i r e c t i o n s .  
An experimental  determinat ion of k and k i s  not u s u a l l y  p o s s i b l e  
zx ZY 
ORNL-DWG 65-8566 
I I 
Fig. 4.3. Subscript Notation and Strain Anisotropy Constants 
for Uniaxial Tension and Compression. 
for plate material, since it would require a tensile specimen with the 
tensile axis in the normal direction of the plate. However, it is 
possible to measure all six k ' s  for compression specimens. 
been done for four of the materials with the result that the six k 
This has 
values satisfy the equation: 
k k k 
k k k 
-xy . - y z  . -zx = 1 * 0.02 . 
-XZ -YZ -ZY 
(4) 
This equation was previously derived' by extending Hill's theory of 
yielding and plastic flow. 
Since the deformation of Zircaloy-2 in tension and compression 
occurs on the same slip system and on twinning planes with the same 
sixfold symmetry with respect to the basal plane, there is good reason 
to believe that Eq. (4) is applicable to the tensile specimen deforma- 
tions as well. It is then possible to compute kZx and k after an ZY 
7R. Hill, Proc. Roy. SOC. (London), Ser. A, 193 281 (1948). 
-f 
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experimental  determinat ion of t h e  o t h e r  fou r  t e n s i l e  k values. 
done as fol lows.  F i r s t ,  t h e  p l a s t i c  true s t r a i n  equat ion 
This i s  
- 
E + ?  + E  = o  
ii i j  i k  
gives,  by s u b s t i t u t i o n  of Eqs .  (1) and ( 2 ) ,  
+ kik = -1.0 . 
ki j
Simultaneous s o l u t i o n s  of Eqs. ( 4 )  and ( 6 )  t h e n  gives  
k k  xz yx 
zx k k + k  k 
X y  YZ xz yx 
k =  (7) 
By Eq. (6), t h e  number of independent values  of t h e  k ' s  i s  reduced 
from six t o  t h r e e  f o r  e i t h e r  t e n s i o n  o r  compression. On t h e  assumption 
t h a t  Eq .  ( 4 )  i s  v a l i d ,  t h e  number of independent k ' s  i s  f u r t h e r  reduced 
t o  two. Thus, t h e  determinat ion of one c o n t r a c t i l e - t o - a x i a l  s t r a i n  
r a t i o  on a specimen with i t s  t e n s i l e  stress a x i s  i n  t h e  r o l l i n g  
d i r e c t i o n  and a second on a specimen with the  t e n s i l e  stress a x i s  
i n  t h e  t r a n s v e r s e  d i r e c t i o n  provides s u f f i c i e n t  information t o  
c a l c u l a t e  t h e  va lues  of a l l  s i x  k ' s  i n  t e n s i o n .  Since the deformation 
systems available are  l i m i t e d ,  it s e e m s  l i k e l y  t h a t  there  would be  a 
r e l a t i v e l y  simple r e l a t i o n s h i p  between t h e  k values  f o r  t e n s i o n  and 
compression along t h e  same stress axes.  
k values  i n  t e n s i o n  and compression f o r  t h e  f o u r  l o t s  of Zircaloy-2 
t e s t e d  t o  d a t e  i s  shown i n  Fig.  4.4 .  More determinat ions of k values  
i n  compression w i l l  be r equ i r ed  be fo re  t h i s  c o r r e l a t i o n  can be  accepted.  
N o  r e l a t i o n s h i p  can be p r e s e n t l y  de r ived  from t h e  a v a i l a b l e  t h e o r i e s  
of anisotropy,  f o r  none have considered such behavior t o  be poss ib l e ,  
a l l  assuming t h a t  t h e  behavior i s  t h e  same i n  t e n s i o n  and compression. 
If t h e  empi r i ca l  r e l a t i o n s h i p  i s  proven t o  be v a l i d ,  it w i l l  permit 
a r educ t ion  from four  t o  two i n  t h e  number of k values  t h a t  must be 
An empi r i ca l  c o r r e l a t i o n  of t h e  
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Fig .  4 .4 .  Cor re l a t ion  of S t r a i n  Anisotropy Constants (k ,k ) i n  
i j  i k  Tension and Compression for Zlrcaloy-2.  
determined t o  completely desc r ibe  t h e  s t r a i n  anisotropy of Zircaloy-2 
i n  u n i a x i a l  stress i n  t h i s  no ta t ion .  
The prel iminary d a t a  on both k values  and compression y i e l d  
s t r e n g t h s  i n d i c a t e  t h a t  a t  l e a s t  an empir ical  r e l a t i o n s h i p  can be 
e s t a b l i s h e d  between t e n s i l e  and compressive k values  and y i e l d  
s t r e n g t h s .  The r e l a t i o n s h i p ,  i f  proven, would r e q u i r e  t h e  measurement 
of only two t e n s i l e  y i e l d  s t r e n g t h s  and two k values  from t h e  t e n s i l e  
specimens t o  provide a complete d e s c r i p t i o n  of t h e  p l a s t i c  s t r e s s -  
s t r a i n  anisotropy of Zircaloy-2.  
- I  
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S t r a i n  Behavior i n  Zircaloy-2 Sheet -Type Tensi le  Specimens' 
P.  L. Rittenhouse M. L. Picklesimer 
Ro l l ing  and t r a n s v e r s e  d i r e c t i o n  sheet- type t e n s i l e  specimens of 
h igh ly  t e x t u r e d  Zircaloy-2 were prepared and t e s t e d  t o  study s t r a i n  
behavior as a func t ion  of specimen geometry. The r e s u l t s  of t h e s e  
t e s t s  are compared with those  obtained from round t e n s i l e  specimen 
of t h e  same material. 
Nonuniform s t r a i n  i s  exh ib i t ed  i n  t h e  necked r eg ion  of t h e  sheet  
specimens. This adds t o  t h e  d i f f i c u l t y  of u s ing  t h i s  type of specimen 
a s  a measure of s t r a i n  anisotropy through r a t i o s  of c o n t r a c t i l e - t o -  
a x i a l  s t r a i n .  Some p e c u l i a r i t i e s  i n  necking behavior are  a l s o  
discussed.  
C r y s t a l  S t r u c t u r e  B a l l  Models 
M. L. Picklesimer D .  0. Hobson 
One of t h e  more d i f f i c u l t  t a s k s  encountered i n  a t tempting t o  
determine atom movements during s l i p  and twinning i s  t h a t  of 
v i s u a l i z a t i o n  of t h e  atom arrangements on t h e  c rys t a l log raph ic  planes 
of i n t e r e s t .  Drawings can be made, bu t  three-dimensional p a t t e r n s  
a r e  q u i t e  d i f f i c u l t  t o  demonstrate. A new technique has been 
developed t h a t  permits  r a p i d  and easy cons t ruc t ion  of t h e  atom 
arrangement on any c r y s t a l l o g r a p h i c  p l ane  of i n t e r e s t  i n  e i t h e r  
t h e  face-centered cubic or t h e  close-packed hexagonal s t r u c t u r e s .  
A l l  a t tempts  t o  cons t ruc t  body-centered cubic s t r u c t u r e s  by 
t h i s  method have f a i l e d .  
--"--______I.. ~ ---------- %--. - -- _c_-_---I __- 
~ -_-------- 
. ..-- 
The new technique uses ferromagnetic s t e e l  bea r ing  b a l l s ,  
Alnico horseshoe magnets, and p l a s t i c  p e t r i  d i shes .  The s t ee l  b a l l s  
become " s t i cky"  i n  t h e  f i e l d  of t h e  magnet, and a r e  a t t r a c t e d  t o  each 
'Abstract 'o f  r e p o r t  ORNL-TM-1226 (September 1965) .  
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o t h e r .  
f o r  adding b a l l s  t o  t h e  model i s  e a s i l y  made from copper tub ing  by 
c u t t i n g  two s l o t s  from opposi te  s i d e s  of t h e  tub ing  a b a l l  diameter 
a p a r t  and ab0u.t 3/4  i n .  from one end and forming a sp r ing  brass s t r i p  
with tabs to e n t e r  t h e  s l o t s .  
A s  many as 5000 b a l l s  have been stacked i n  one model. A t o o l  
A b a l l  drops i n t o  t h e  slot r eg ion  on p res s ing  t h e  s t r i p  and out 
t h e  end of t h e  tube when t h e  brass s t r i p  i s  released. 
i s  long enough t o  hold 300 t o  400 b a l l s  on each loading.  
i s  f l a r e d  t o  make loading e a s i e r  and i s  closed wi th  a cork o r  rubber 
s topper .  The use of t h e  t o o l ,  t h e  magnets, and t h e  p e t r i  d i shes  
i n  t h e  cons t ruc t ion  of a b a l l  model i s  shown i n  F ig .  4 .5 .  
The copper tubing 
The open end 
F ig .  4.5. Method of Adding B a l l s  t o  B a l l  Model of C r y s t a l  
S t r u c t u r e .  
35 
A b a l l  model of t h e  face-centered cubic s t r u c t u r e  i s  shown i n  
Bal l s  colored by hea t  t i n t i n g  have been used t o  o u t l i n e  F ig .  4.6.  
certain features of t h e  model f o r  emphasis and t o  make examination of 
t h e  photograph e a s i e r .  
o f  t h e  close-packed hexagonal c r y s t a l  s t r u c t u r e  are shown i n  F igs .  4;?,  
4.8, and 4.9. 
a r e  shown i n  Fig.  4.?.  
model, emphasizing d i f f e r e n t  f ea tu re s ,  d i r e c t i o n s ,  and p l anes .  
B a l l  models of  s e v e r a l  c r y s t a l l o g r a p h i c  planes 
The two p o s s i b l e  atom arrangements on t h e  {lOiO) planes 
Figures  4.8 and 4.9 show two views of  t h e  same 
F ig .  4.6. B a l l  Model of Face-Centered Cubic C r y s t a l  S t r u c t u r e .  
Reduced 9.5% of o r i g i n a l .  
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Fig.  4.7. Bal l  Model of Clqse-Pa,cked Hexa.gona.1 Crysta.1 S t r u c t u r e  
Showing { 10iO) Planes.  
Shown i n  F ig .  4 . 8  a r e :  (1) t h e  [10:2] twinning plane,  ( 2 )  two (1123) 
d i r e c t  ions on t h e  [ 10il) plane,  (3)  t h e  closed-packed hexagonal 
prism on t h e  l e f t  s i d e  of t h e  (loil) plane,  and ( 4 )  s i d e  views 
of t h e  (1121) and [1122] twinning planes.  
(1) a s i d e  view of t h e  {lOil} plane,  and (2)  f r o n t  views of t h e  
(11511 and {ll22) twinning planes,  t h e  colored balls showing t h e  
(1123) d i r e c t i o n s  on t h e s e  two planes.  Such models can serve  t o  
emphasize such t h i n g s  a s  t h e  mul t i tude  of s l i p  systems a v a i l a b l e  i n  
zirconium a l l o y s  if  t h e  (1123) d i r e c t i o n  can be a s l i p  d i r e c t i o n .  
Shown i n  Fig. 4.9 a r e  
r 
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. .  PHOTO 81033 
Fig. 4 . 8 .  B a l l  Model of Close-Packed Hexagonal Crystal S t r u c t u r e  
Showing (1012 ), (mil ) , (11?1), [ 1152 ), and (0001) Planes and (1130) 
and (1133) Direc t ions .  Reduced 13% of origina.1.  
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Fig .  4.9. Ba.11 Model of Close-Pa,cked Hexa.gona.1 Crysta.1 S t r u c t u r e  
Empha.sizing t h e  Atom Arra,ngements on t h e  (1121) a.nd { 1122) Pla.nes. 
Reduced 13% of or ig ina .1  
Cer ta in  observa t ions  r epor t ed  i n  t h e  l i t e r a t u r e  i n d i c a t e  t h a t  
(1123) can be a s l i p  d i r e c t i o n  if  t h e r e  i s  s u f f i c i e n t  r e s t r a i n t  t o  
p l a s t i c  flow i n  t h e  specimen. 
B a l l  models of t h e  twinning systems have been constructed,  
using p l a s t i c  shee t  t o  form t h e  angle  between t h e  b a s a l  p lanes  
i n  t h e  twin  and t h e  matrix. The models show graphica l ly :  (1) t h e  
s t r a i n  present  around t h e  twinning plane,  (2)  t h a t  t h e  twinning plane 
i s  p r imar i ly  a mirror  plane for atom p o s i t i o n s  loca t ed  an apprec iab le  
d i s t ance  from it r a t h e r  t h a n  a mirror  plane for t h e  atoms t h a t  form 
'L. T. Larson and M. L. Picklesimer,  Fuels  and Mater ia l s  Develop- 
ment Program Quart. Progr .  Rept. June 30, 1965, ORNL-TM-1200, pp. 36-39. 
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it and i t s  immediate neighborhood, and (3) g ives  some i n d i c a t i o n  of 
t h e  amount of s h u f f l i n g  t h e  atoms must undergo a s  t h e  twinning p lane  
moves through t h e  l a t t i c e .  
Defects  and d i s l o c a t i o n s  of var ious  kinds,  inc luding  s tacking  
f a u l t s ,  a r e  r e a d i l y  b u i l t  i n t o  t h e  model. 
t o  t h e  model a r e  now being developed t o  determine t h e  f e a s i b i l i t y  
of watching atom movements during movements of such d e f e c t s  through 
t h e  model. 
Methods of applying fo rce  
Deformation Systems i n  Zirconium 
M, L. Picklesimer J. C .  Wilson 
A s i n g l e - c r y s t a l  cube of iod ide  zirconium (one zone-melting pass )  
w a s  compressed along t h e  b a s a l  po le  t o  provide a metal lographic  specimen 
wi th  which t h e  s e v e r a l  techniques of &win i d e n t i f i c a t i o n  and c r y s t a l  
o r i e n t a t i o n  by --.---- microscopy_4could be checked and demonstrated. 
,-- 2- . 
su r faces  of t h e  compressed specimen were examined a f t e r  f i n a l  
metal lographic  p repa ra t ion  and twin t r a c e  angles ,  b a s a l  po le  t i l t s g  
of bo th  mat r ix  and twins,  and b a s a l  plane t r a c e s  of both matrix and 
twins were measured. 
as (1122) twins, and t h e  technique of g r a i n  o r i e n t a t i o n  by polar ized  
l i g h t  microscopy9 gave t h e  same answer a s  t o  specimen o r i e n t a t i o n  
as d id  t h e  more conventional techniques of using twin  t race angles  
and a Wulff ne t  and t h e  t r a c e  angles  on two i n t e r s e c t i n g  s u r f a c e s ,  
- _ .  
Five 
All twins found were ?;identified p o s i t i v e l y  
v----z,rrclc 
- ------- --  
A group of t h e  {1122} twins observed on one f a c e  of t h e  compressed 
specimen a r e  shown i n  F ig .  4 .10 .  The specimen w a s  r o t a t e d  between 
t h e  photographs a t  each magnification, so t h a t  twins and mat r ix  can 
be d e f i n i t e l y  i d e n t i f i e d  by a co lo r  change o r  a l ack  of it. 
of view shown i n  F ig .  4 .10a and b i s  of t h e  c e n t e r  twin i n t e r s e c t i o n  
shown i n  Fig.  4 . 1 0 ~  and d. This s e t  of photomicrographs show second 
order  twinning occurr ing i n  one of t h e  (1122) primary twins, and 
r a i s e s  a quest ion as t o  which twin w a s  c rossed .  
The f i e l d  
Fig.  4.10. Photomicrographs of [ 1122) Twins and Twin I n t e r s e c t i o n s  
i n  a. S ing le  Crysta.1 of Zirconium Compressed Along t h e  Ba.sal Pole Di rec t ion .  
(a) Main twin i n t e r s e c t i o n  seen i n  (a,) and ( b ) .  ( b )  Pola.rized 
l i g h t  r o t a t e d  90". Same f i e l d  a.s (d). 500x. ( e )  One o r i en ta . t i on  Of 
pola.rized l i g h t .  75x. ( a )  Pola.rized l i g h t  rotaked 90". Same f i e l d  
500x. 
& (a,). 75~. 
A 
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Oxide Film Studies  
J .  C .  Banter 
The s tudy of p a r t i a l l y  d isso lved  oxide f i lms  on zirconium has 
been extended t o  include f i lms  formed a t  350°C i n  a i r  and a t  300°C 
i n  water ,  
v i o l e t  reg ions  of t h e  spectrum i n  t h e  as-formed thermal  films’’ was 
enhanced by vacuum anneal ing even though t h e  f i lms  were decreased 
i n  th i ckness  only s l i g h t l y .  This i n d i c a t e s  t h a t  t h e  absorp t ion  i n  
t h e s e  f i lms  i n  t h e  as-formed condi t ion  i s  equiva len t  t o  t h a t  
observed i n  t h e  same s p e c t r a l  reg ion  i n  t h e  anodica l ly  formed f i lms  
t h a t  had been vacuum annealed t o  p a r t i a l l y  d i s so lve  them. 
absorp t ion  i s  a t t r i b u t e d  t o  the  d e f e c t s  e x i s t i n g  i n  t h e  f i lms ,  t h e  
most l i k e l y  of which a r e  oxygen-anion vacancies formed by oxide 
d i s s o l u t i o n  a t  t h e  metal-oxide i n t e r f a c e .  
t h a t  t h e s e  vacancies  condense a t  t h i s  i n t e r f a c e  a t  temperatures  
above 975°C t o  form voids, and t h a t  similar voids  may form on a 
microscale  a t  lower temperatures .  The present  r e s u l t s  i n d i c a t e  t h a t  
a t  even lower temperatures  (400 t o  600°C) t h e s e  vacancies may condense 
along pa ths  through t h e  f i lms ,  producing pores  of s u f f i c i e n t  s i z e  
t o  a l low bromine t o  pene t r a t e  t o  t h e  underlying metal.’’ 
appear t o  be present  i n  a l l  vacuum annealed f i l m s ,  bu t  t h e r e  i s  no 
evidence of t h e i r  presence i n  the  as-formed thermal  f i l m s  d e s p i t e  
t h e  f a c t  t h a t  such f i lms  e x h i b i t  t h e  same type  of absorp t ion  as t h e  
vacuum annealed anodic f i l m s .  
- - _  
The o p t i c a l  absorp t ion  observed i n  t h e  v i s i b l e  and u l t r a -  .- I . -- 
This 
- --- 
Pemsler12 has suggested 
Such pores  
These r e s u l t s  a r e  i n  agreement wi th  t h e  mechanism12 suggest ing 
t h a t  ox ida t ion  proceeds by t h e  formation of oxygen-ion vacancies 
and f r e e  e l e c t r o n s  a t  t h e  oxide-metal  i n t e r f a c e  by t h e  oxide d i s s o l u t i o n  
r e a c t i o n .  This i s  followed by d i f f u s i o n  of t h e  vacancies  and e l e c t r o n s  
- 
--.--- __I 
loJ. C. Banter, Fuels  and Mate r i a l s  Development Program Quart. 
Progr. Rept. March 31, 1965, ORNL-TM-1100, p. 37. 
llJ. C. Banter, Fuels  and Materials Development Program Quart. 
Progr. Rept. June 30, 1965, OFQTL-TM-1200, p. 39. 
12J. P. Pemsler, J. Electrochem. SOC. - 112, 447 (1965). 
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through t h e  f i l m  t o  t h e  oxide-oxygen environment i n t e r f a c e .  There 
they  a re  consumed i n  t h e  r e a c t i o n  whereby oxygen atoms en te r  t h e  vacant 
l a t t i c e  s i t e s  t o  reform s to ich iometr ic  oxide. 
could expla in  t h e  lack of pores i n  t h e  thermally formed f i l m s ,  s i nce  
it would tend t o  a c t  as a b a r r i e r  t o  prevent t h e i r  complete penetra-  
t i o n  through such films. 
This l a t t e r  r e a c t i o n  
The need f o r  f u r t h e r  study of t h e  r e l a t i v e  cont r ibu t ions  of 
oxygen d i s s o l u t i o n  and f i l m  formation processes  t o  t h e  o v e r a l l  oxidat ion 
mechanism i s  ind ica ted .  
being b u i l t  t o  be coupled t o  t h e  spectrophotometer. 
r e f l e c t i o n  measurements t o  be made during vacuum anneal ing and 
oxidat ion experiments, e i t h e r  a t  temperature o r  a t  lower temperatures 
a f t e r  hea t  t rea tment .  
For t h i s  purpose, a s p e c i a l  vacuum system i s  
This w i l l  permit 
Attempts t o  measure the e l e c t r i c a l  conduct iv i ty  of the  oxide 
f i l m s  on zirconium both before  and a f te r  vacuum anneal ing have been 
unsuccessful  because of e l e c t r i c a l  breakdown of t h e  f i l m s  when t h e  
equipment p re sen t ly  a v a i l a b l e  i s  used. 
and assoc ia ted  equipment are being obtained which should a l low conduc- 
t i v i t y  measurements of t h e  required kind t o  be made. It i s  expected 
t h a t  such measurements w i l l  g ive f u r t h e r  i n s i g h t  i n t o  t h e  e l e c t r i c a l  
c h a r a c t e r i s t i c s  of t h e  de fec t s  observed i n  t h e  as-formed and vacuum 
annealed thermal f i l m s ,  
A v a r i a b l e  range e lec t rometer  
Prepazation of  Single  Crysta . ls  of  Zirconium 
and Zirconium Alloys 
J .  C .  Wilson 
Attempts t o  improve t h e  y i e l d  and q u a l i t y  of zirconium s i n g l e  
c r y s t a l s  by t i l t i n g  t h e  l i q u i d - s o l i d  i n t e r f a c e  30" from t h e  ho r i zon ta l  
were not  successful .  Aust and Chalmers13 have used a similar method 
t o  reduce s t r i a t i o n s  i n  metal c r y s t a l s  grown from t h e  m e l t  i n  a boat.  
We had expected t h a t  t h e  g ra in  boundaries, normally elongated i n  t h e  
d i r e c t i o n  of t h e  b a r  axis, would tend t o  grow perpendicular  t o  t h e  I 
1 3 K .  T .  Aust and B. Chalmers, Can. J. Phys. 36, 977 (1958). - 
I -  
A new cold trap and a variable speed drive were ,xta 
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liquid-solid interface and thus force most of the boundaries to grow 
out of the crystal. Experimentally, the boundaries tended to be 
parallel to the tilted liquid-solid interface. 
Large grains (>3 mm in diameter) were grown in 0.3-mm-thick 
sponge zirconium strip by strain annealing. The critical strain was .----- ---- ------_I..- 
found to be about 2$, and the annealing time required was 30 hr at 
830°C. Similar results are expected in experiments now under way 
using zone-refined sheet. The strain-anneal technique has not pre- 
viously been very successful in zirconium and titanium because the 
nucleation of new grains occurred at twin intersections. This problem 
was prevented by using an initial grain size of less than 10 p, a 
grain size small enough to essentially eliminate deformation by multiple 
and/or second order twinning. 
Zone Refining of Zirconium 
J. C. Wilson 
led on he 
zone refining apparatus to allow refining overnight. 
determine if slower zoning speeds w i l l  result in better purification. 
The first experiments have been completed but the chemical analyses 
have not yet been obtained. 
We wish to 
Preliminary tests have indicated that a commercial ion microprobe 
mass spectrometer using a small argon ion beam for sputtering of the 
specimen14 may be usable to obtain analyses of the zone-refined zir- 
conium with a sensitivity of 10 ppm or better over a mass range of 
2 to 200 amu, at a cost of about $70.00 per specimen. Calibration 
standards are being made to permit a better examination of the possi- 
bilities of such an analytical technique for the high-purity materials 
we are producing, It also appears that analyses for carbon, nitrogen, 
and oxygen will be feasible. Comparison spectra will also be obtained 
with a spark-source mass spectrograph. 
-._ 
14Private communication from R. J. Gray and G. Halleman, Metallo- 
graphy Group, to M. L. Picklesimer Sept. 8, 1965. 
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Several  pounds of one-to-ten pass zone-melted zirconium rod s tock 
have been produced f o r  experiments wi th in  t h e  program. 
1/2- t o  3/4-in.-diam rods have contained l a r g e  s i n g l e  c r y s t a l s  of s u i t a b l e  
s i z e  for machining 1/2-in.  -diam spheres  f o r  oxidat ion and hydriding 
s tud ie s .  
Some of t h e  
P rope r t i e s  of High-Purity Zirconium 
J. C. Wilson 
High-purity s i n g l e - c r y s t a l  specimens of zirconium a r e  being used 
i n  s e v e r a l  p r o j e c t s  t o  ob ta in  s i g n i f i c a n t  information with g r e a t e r  ease 
and accuracy. The present  p r o j e c t s  inc lude  oxidat ion of s i n g l e - c r y s t a l  
spheres i n  air, determinat ion of hydride h a b i t  planes,  o p t i c a l  p rope r t i e s  
i n  s i n g l e - c r y s t a l  spheres,  and s t u d i e s  of t h e  modes of p l a s t i c  deformation. 
0xida.t ion  
The f i r s t  c l e a r  i n d i c a t i o n  of t h e  anisotropy of ox ida t ion  of 
zirconium as a func t ion  of c r y s t a l  o r i e n t a t i o n  was repor ted  e a r l i e r 1 5  
f o r  f i lms  up t o  500 A t h i c k  formed i n  a i r  a t  360°C. The work has  been 
continued a t  360 and 400°C t o  maximum f i l m  th icknesses  of about 3400 A. 
The genera l  p a t t e r n  of oxidat ion previously descr ibed15 has  continued. 
The t h i c k e r  f i l m s  have shown t h a t  t h e  r a t e  of ox ida t ion  d i f f e r s  by 
a t  l e a s t  a f a c t o r  of 3 on d i f f e r e n t  planes of t h e  same c r y s t a l  sphere.  
This has a l s o  shown t h a t  extreme ca re  must be exerc ised  i n  c u t t i n g  
f l a t  s i n g l e - c r y s t a l  p l a t e s  f o r  d e t a i l e d  oxidat ion experiments, f o r  t h e r e  
a r e  seve ra l  o r i e n t a t i o n s  where an e r r o r  of 5" and l e s s  could cause 
a f a c t o r  of 3 d i f fe rence  i n  t h e  observed oxidat ion r a t e s .  These 
experiments have been c a r r i e d  out i n  an a i r  furnace so arranged t h a t  
t h e  co lor  changes over a t  l e a s t  one (usua l ly  two) complete 
s te reographic  t r i a n g l e  can be observed continuously without 
i n t e r r u p t i n g  t h e  t e s t .  
15J. C. Wilson, Fuels  and Mater ia l s  Development Program Quart .  
Progr. Rept. March 31, 1965, ORNL-TM-1100, pp. 38-39. 
Hvdrides in Zirconium 
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We have observed small differences in the oxidation pattern and 
rate on crystallographically equivalent faces of the same crystal 
and in adjacent crystals in the same sphere. Similar differences are 
observed in the etch-pitting behavior. We suspect that the defect 
structure of the specimen may be slightly different for various 
planes that are members of the same family, depending on the details 
of how the alpha crystal transformed from the beta. 
Zirconium hydride has been reported to precipitate on a number 
of planes in alpha zirconium. 
data available and has reported a distribution * -  of hydrides among a 
number of crystallographic planes in the  same specimen, 
Babyakl6 has recently summarized the 
-_ 
---c ~ .. 
Hydrides have been observed on several of the single-crystal 
spheres prepared in our program. 
has been (lOfO), a few have been observed on the basal plane, and a 
few may have been on (1150). Since all hydride habit planes are not 
observed on all spheres, purity or structure may influence the plane 
on which the hydride precipitates. We are presently determining the 
habit plane as a function of depth below the surface, oxygen contamina- 
tion of the surface, and incomplete annealing after Q'-P-U cycling, using 
spherical single crystals. 
The principal habit plane observed _ _  c- - -. 
A strong attack o f  the matrix next to hydride precipitates has 
been observed when an electropolishing solution described by Mills 
and Craig17 is used for metallographic preparation of crystal bar 
zirconium. 
when the grain surface is a basal plane. Small precipitates, tentatively 
identified as hydrides, are also observed in the matrix between the large 
hydrides but oriented in (lOi0) directions. 
-._- - -. 
Deep grooves are observed in the matrix at large hydrides 
Hydride plates roughly 
16W. J. Babyak, Hydride Habit Planes in Zirconium and in Unstressed 
and Stressed Zircaloy-4, WAPD-T-1757 (1965). 
17D, Mills and G. B. Craig, "Etching Dislocations in Zirconium," 
paper presented at the Symposium of Zirconium and Its Alloys, 1965 
Fall Meeting of the Electrochemical Society, Buffalo, New York, 
October 10-14, 1965. 
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parallel to the surface of the specimen were also revealed if they were 
no more than about 10 p below the surface. This indicates that a local 
cell action is not responsible for the preferential attack of the matrix 
next to hydrides, but we do not as yet know whether local stress or some 
kind of segregation is responsible. 
Plastic Deforma.tion 
me conditions leading to the development of a yield point in 
zirconium are being investigated. Tensile specimens of zone-refined 
and sponge zirconium have been tested at room temperature after 
annealing at 300 to 500°C. No yield points were observed. A point of 
inflection in the stress-strain curve was observed at the yield stress 
in the zone-refined material annealed at 300°C. Specimens will now be 
tested after annealing at lower temperatures. 
~ -I__- ------. _ _  I . 
An electroetching technique for developing dislocation etch pits 
in zirconium was described by Mills and Craig.17 
we have observed an increase in pit density in lightly deformed regions, 
and pits in patterns around hydride precipitates. Pit densities have 
often been observed to be greater by a factor of 10 to 100 at one grain 
boundary than at others in the same grain. These observations are con- 
sistent with the etch pits being developed at dislocations in the strue- 
tures. The pitting is quite difficult to control, seeming to be strongly 
dependent on current density. 
pitting over the face of a specimen has still not been obtained. 
etch pits develop hexagonal shapes on basal planes, but the pit shapes 
on other planes have not yet been clearly defined, usually because the 
pit density was too great or the pits were not sufficiently developed. 
Etch-pitting studies will continue, for many studies of deformation in 
zirconium have been hindered by the lack of a technique for suitably 
revealing dislocations for optical examination. 
Using this technique, 
Guard electrodes have been used, but even 
!I%e 
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5 .  FISSION-GAS RELEASE AND PHYSICAL PROPERTIES OF 
FUEL MATERIALS DURING IRRADIATION 
R .  M. C a r r o l l  0. Sisman 
R .  B. Perez' 
This i s  t h e  second r e p o r t i n g  of a program t h a t  i s  newly sponsored 
by t h e  Reactor Fuels  and Materials Development Branch. About f i v e  
yea r s  ago, we began cons t ruc t ion  of an experimental  apparatus  t o  be 
used i n  t h e  O a k  Ridge Research Reactor t o  determine t h e  d i f f u s i o n  
c o e f f i c i e n t s  of xenon and krypton i n  f u e l  m a t e r i a l s  while  t hey  were 
producing power. O u r  immediate goal  was t o  ob ta in  engineer ing 
measurements t o  f i t  i n t o  a formula t h a t  would desc r ibe  t h e  f i s s i o n - g a s  
d i f f u s i o n  through uranium dioxide.  However, as t h e  experiment progressed 
it became apparent t h a t  c l a s s i c a l  d i f f u s i o n  processes  d i d  not c o n t r o l  
t h e  f i s s i o n - g a s  r e l e a s e .  I n  t r y i n g  t o  discover  t h e  f a c t o r s  t h a t  do 
c o n t r o l  t h e  f i s s i o n - g a s  r e l e a s e ,  our experimental  approach has 
gradual ly  changed from engineer ing t e s t s  t o  b a s i c  p r o p e r t i e s  s t u d i e s .  
We do not y e t  have a f i n i s h e d  equat ion f o r  ca l cu la t ing - the  f i s s i o n -  
gas r e l e a s e  from U02, bu t  a d e f e c t - t r a p  model has been formed which 
q u a l i t a t i v e l y  desc r ibes  t h e  mechanism of f i s s i o n - g a s  r e l e a s e .  * 
w i l l  d i s cuss  t h e  observat ions t h a t  l e d  t o  t h e  model, t h e  experiments 
t h a t  have been made t o  t e s t  t h e  model, and o u t l i n e  our cu r ren t  method 
of a t t a c k .  
We 
Mathematical Model3 
The mathematical model desc r ibes  a mechanism f o r  t h e  s t e a d y - s t a t e  
r e l e a s e  of f i s s i o n  gas t h a t  f i t s  t h e  observat ions and conclusions i n  
t h e  previous r e p o r t . *  
from which f u r t h e r  refinements may be made. 
This i s  a r a t h e r  oversimplif ied s t a r t i n g  p o i n t  
For t h e  p re sen t  w e  w i l l  
'Consultant from t h e  Un ive r s i ty  of F lo r ida .  
2R. M. Ca r ro l l  and 0. Sisman, Fuels  and Mater ia ls  Development Program 
3R. M. Ca r ro l l ,  R.  B. Perez, and 0. Sisman, J. Am. Ceram. - -  SOC. - 4 8 ( 2 ) ,  
Quart. Progr.  Rept. June 30, 1965, ORNL-TM-1200, pp. 55-64. 
55-59 (1965). 
L 
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consider  t h a t  t h e  c l u s t e r s  of d e f e c t s  (shown i n  F ig .  5.1) a r e  q u i t e  
permanent. That is ,  we assume t h a t  a f i s s i o n  product can escape from 
a po in t  de fec t  bu t  has small p r o b a b i l i t y  of escaping from e i t h e r  t h e  
i n t r i n s i c  de fec t  or  t h e  c l u s t e r e d  po in t  defec t  t r a p ,  both of which we 
w i l l  t r e a t  a s  permanent t r a p s .  Note t h a t  an  atom of gas born deep i n  
t h e  specimen has  a high p r o b a b i l i t y  of f a l l i n g  i n t o  a permanent t r a p ,  
and t h a t  only t h e  gas t h a t  i s  born near t h e  specimen sur face  has a high 
p r o b a b i l i t y  of escape. 
We w i l l ,  then,  t r e a t  t h e  knockout r e l e a s e  s e p a r a t e l y  and r e s t r i c t  
t h e  model t o  t h e  cons idera t ion  of t h e  temperature-dependent gas- re lease  
UNCLASSIFIED 
ORNL-DWG 64-1957A 
. .  . .  - .  
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. .  . MOBILITY DEPENDS ON SIZE 
. - .  ;fib- 
. .  . .  
LARGE CLUSTERS BEHAVE LIKE ( 1  ) . . , . , ' ,@?' . 
SMALL CLUSTERS MORE LIKE ( 2 )  . 
. .  
Fig .  5 .1 .  Defect-Trap C h a r h c t e r i s t i c s .  
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processes ,  where l a r g e  (permanent) and small (temporary) t r a p s  r e t a r d  
t h e  escape of t h e  f i s s i o n  gas .  
product ion-anneal  equi l ibr ium f o r  a given f i s s i o n  r a t e  and temperature .  
The f i s s i o n  products  in a small t r a p  have a p r o b a b i l i t y  of escaping t h e  
t r a p ,  but  t hose  i n  a l a r g e  t r a p  have a vanish ingly  small escape pro-  
b a b i l i t y .  F i s s i o n  fragment t r a c k s  w i l l  c r e a t e  po in t  d e f e c t s  i n  t h e i r  
wake and a t  t h e  same time des t roy  any po in t  defec t  t r a p s  i n  t h e i r  pa th .  
The small ( type  2 )  t r a p s  reach a quick 
The mechanisms of t r app ing  and r e l e a s e  from t r a p s  a r e  introduced 
by de f in ing  two parameters:  
g = p r o b a b i l i t y  o f  t r app ing  (see-’) 
b = p r o b a b i l i t y  of escape from t r a p  (see-’) 
The o t h e r  symbols t o  be used a re :  
M,H = d e n s i t y  of mother, daughter i soba r s ,  r e spec t ive ly  
( atoms/cm3 ) 
w i l l  escape t h e  t r a p  because of r e c o i l  energy when t h e  
mother decays i n t o  the  daughter i soba r  
= concent ra t ion  (atoms/cm’ ) of mother, daughter i soba r s  i n  
r = t h e  f r a c t i o n a l  p r o b a b i l i t y  t h a t  a t rapped mother atom 
0 
t r a p s  Mt r J Ht r
D = d i f f u s i o n  c o e f f i c i e n t  (cm2/sec) 
F = f i s s i o n  r a t e  ( f i s s i o n s  sec-’) 
E = a c t i v a t i o n  energy f o r  process  X X 
R = gas cons tan t  
T = absolu te  temperature,  “K 
R = r e l e a s e  r a t e  of daughter i s o b a r s  f r o m t h e  specimen p e r  
(3 = f i s s i o n  y i e l d  of i so tope  x 
u n i t  a r ea  
X 
Q = neutron f l u x  (neutrons s e c - l )  
h 
,y 
= decay cons tan t  of i so tope  x ( s e c - l )  
= macroscopic fis‘sion c ros s  s e c t i o n  (em-’) 
X 
f 
The hypothesis  i s  made t h a t  t h e  t r app ing  p r o b a b i l i t y  i s  p ropor t iona l  
t o  t h e  f i s s i o n  dens i ty .  I n  t h e  expression 
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t h e  t e r m  g w i l l  account f o r  both t h e  presence of t h e  i n t r i n s i c  t r a p  
populat ion and t h e  t r a p s  produced by condensation of t h e  po in t  d e f e c t s .  
The gT(F,T) term of Eq .  (1) states  t h a t  t h e  populat ion of po in t  d e f e c t s  
i s  a func t ion  of f i s s i o n  dens i ty  and specimen temperature.  
0 
The gas t rapped i n  t h e  po in t  d e f e c t s  can a l s o  escape by tunne l ing  
through t h e  p o t e n t i a l  b a r r i e r  c r ea t ed  by t h e  d e f e c t .  
process  i s  governed by a n  Arrhenius f a c t o r ,  and can be expressed as 
This t unne l ing  
b = b 0 exp (-A%/RT) ( 2 )  
where AE, i s  t h e  a c t i v a t i o n  energy of t h e  tunne l ing  process .  
t h e  hypothesis of a d i f f u s i o n  mechanism coupled with r a d i o a c t i v e  decay 
and a t r app ing- re l ease  mechanism, t h e  equations f o r  t h e  t r a n s p o r t  of t h e  
parent-daughter i soba r s  can be e a s i l y  w r i t t e n  by making use of t h e  
p r i n c i p l e  of t h e  conservat ion of p a r t i c l e s .  
Under 
The equat ion giving t h e  release rate of  an i n e r t - g a s  i so tope  i s  
shown i n  Fig.  5.2, along with t h e  s implifying assumptions f o r  t h i s  f irst  
model. 
f i s s i o n .  
The constant  Ro i s  t h e  knockout y i e l d  i n  atom-centimeters p e r  H 
UNCLASSIFIED 
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R e l e a s e  R a t e  of G a s e o u s  Daughter, R H  = RA (T,F) + R:F 
r o  + (1 - ro)- 
A,+b 
A E ~ / R T  
A, + b 
SIMPLIFYING ASSUMPTIONS 
(1) No c h a n g e  of microstructure  
(2) R e l e a s e  by recoi l  is not  temperature  dependent  
(3) Trapping  probability of in t r ins ic  and c lus te r  t raps  is cons tan t  with time. 
(4) Mother-daughter a r e  affected t h e  s a m e  by t h e  t raps .  
(5) Diffusion of point d e f e c t s  a r e  neglected.  
(6) Homogenous dis t r ibut ion of t raps .  
F ig .  5 .2 .  A Mathema,tical Model f o r  Mother-Daughter Relea.se. 
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O s c i l l a t i n g  Experiments 
I n  order  t o  more f u l l y  e x p l o i t  t h e  d e f e c t - t r a p  theo ry  and t o  
eva lua te  t h e  va r ious  f a c t o r s  i n  t h e  equations,  w e  have modified t h e  
experiment so t h a t  it can now be  operated i n  a dynamic mode. These 
changes make it p o s s i b l e  t o  o s c i l l a t e  e i t h e r  t h e  neutron f l u x  o r  t h e  
temperature i n  a c o n t r o l l e d  fashion.  By studying t h e  amplitude and 
phase s h i f t  of t h e  f i s s i o n - g a s  release umder va r ious  input  condi t ions,  
w e  hope t o  develop our d e f e c t - t r a p  model f o r  f i s s i o n - g a s  r e l e a s e  and 
t o  experimental ly  e s t a b l i s h  t h e  parameters (Do, go, gt, bo, ro, AE 
A%) i n  t h e  mathematical model. 
g ’ 
The f i s s i o n  gas r e l e a s e d  from t h e  specimen during i r r a d i a t i o n  
i s  monitored continuously by a gamma-ray spectrometer.  By appropr i a t e  
s e t t i n g s  of t h e  spectrometer con t ro l s ,  t h e  v a r i a t i o n  i n  t h e  emission 
r a t e  of a s i n g l e  i so tope  can be recorded over a pe r iod  of t i m e .  A 
record of t h e  f l u x  o r  temperature v a r i a t i o n s  during t h i s  same pe r iod  
of t i m e  i s  kept  by a d i g i t a l  recording vol tmeter .  
Following t h e  i n s t a l l a t i o n  of t h e  o s c i l l a t i n g  equipment, s i n g l e -  
c r y s t a l  specimens were i r r a d i a t e d .  The specimens were s l i c e d  from 
t h e  same c r y s t a l  as some of t h e  previous specimens bu t  were po l i shed  
t o  a metallographic f i n i s h  be fo re  i r r a d i a t i o n  [ t h e  previous specimens 
had a ground f i n i s h ) .  
f i n i s h  had become smoother during i r r a d i a t i o n ,  and w e  b e l i e v e  t h i s  
smoothing may have caused the  observed r educ t ion  i n  f i s s i o n - g a s - r e l e a s e  
r a t e  as burnup progressed.4 W e  wished, t h e r e f o r e ,  t o  see i f  a specimen 
t h a t  w a s  smooth a t  t h e  beginning of i r r a d i a t i o n  would show t h i s  change. 
Analysis of t h e  d a t a  i n d i c a t e s  t h a t  t h e  gas release from t h e  po l i shed  
specimen d i d  not decrease with t i m e .  Also, t h e  r e c o i l  release, which 
The su r face  of a specimen with t h e  ground 
i s  a s soc ia t ed  with t o t a l  su r f ace  area, w a s  about t h e  same f o r  bo th  
specimens a f te r  i r r a d i a t i o n  smoothing had occurred. This observat ion 
s u b s t a n t i a t e s  our b e l i e f  t h a t  i r r a d i a t i o n  smoothing in f luences  t h e  
f i s s i o n - g a s  release. 
‘R. M .  C a r r o l l  and 0. Sisman, Nucl. S e i .  Eng. - 21, 47-58 (1965). - 
-m*mM8. 
F i s s i o n  -R ar t  e 0 s c i 11 ak ion  s 
~ ~~ 
We have a l r eady  demonstrated i n  t h e  s t e a d y - s t a t e  experiments 
t h a t  t h e  f i s s i o n - g a s  r e l e a s e  below 600°C i s  independent of temperature 
and d i r e c t l y  p ropor t iona l  t o  f i s s i o n  r a t e .  
temperature r e l e a s e  i s  by knockout r a t h e r  t han  d i r e c t  r e c o i l .  
Fu r the r  confirmation of t h i s  theory i s  found i n  t h e  r e s u l t s  of 
o s c i l l a t i n g  t h e  neutron f l u x  while holding t h e  specimen a t  a constant 
575°C temperature.  
i s  p ropor t iona l  t o  f i s s i o n  r a t e  but  t h a t  t h e  gas-release o s c i l l a t i o n s  
are not instantaneous with f i s s i o n - r a t e  o s c i l l a t i o n s .  Gas r e l e a s e  by 
r e c o i l  would be instantaneous while a knock-out r e l e a s e  would depend 
on concentrat ion of f i s s i o n  gas a t  t h e  su r face  of t h e  specimen as we l l  
as f i s s i o n  r a t e .  Thus, t h i s  phase s h i f t  supports t h e  content ion t h a t  
the  low-temperature re lease i s  predominately by a knockout process .  
We have shown t h a t  t h i s  low 
The d a t a  of F i g .  5 .3  show t h a t  t h e  8 8 K r  r e l e a s e  
The X marks on t h e  t ime-f lux p l o t  of Fig.  5 .3  show when samples of 
f i s s i o n  gas were t aken  f o r  a q u a n t i t a t i v e  a n a l y s i s .  
8 8 K r  r e l e a s e d  during t h i s  f l u x  o s c i l l a t i o n  i s  shown i n  Fig.  5 . 4 .  
s t r i k i n g  feature  of Fig.  5 .4  i s  t h a t  t h e  amount of 8 8 K r  r e l e a s e d  during 
t h e  o s c i l l a t i o n  i s  g r e a t e r  when t h e  f l u x  i s  decreasing than  when t h e  
f l u x  i s  inc reas ing .  The data form a sort of h y s t e r e s i s  curve (Fig.  5 . 4 ) ,  
which may be explained a l s o  on t h e  basis of gas r e l e a s e d  by a knockout 
process .  
of t h e  su r face  concentrat ion of f i s s i o n  gas and t h e  r e c o i l  r a t e .  
Natural ly ,  t h e  production of t h e  f i s s i o n  gas i s  p ropor t iona l  t o  t h e  
f i s s i o n  r a t e  and a greater concen t r a t ion  e x i s t s  on t h e  specimen su r face  
a f t e r  t h e  specimen has  passed through t h e  high-f lux region.  This 
concentrat ion i s  dep le t ed  while passing through t h e  low-flux r eg ion  and, 
f o r  a given neutron f l u x ,  less  f i s s i o n  gas i s  knocked out when t h e  f l u x  
i s  inc reas ing  from a minimum value t h a n  when t h e  f l u x  i s  decreasing 
from a maximum value.  Direct  r e c o i l  release would y i e l d  t h e  same amount 
of 88Kr f o r  t h e  same neutron f l u x  r ega rd le s s  of t h e  p a s t  h i s t o r y  of t h e  
specimen. 
The amount of 
The 
Our reasoning i s  t h a t  t h e  amount of knockout i s  t h e  product 
Another f a c e t  of F ig .  5.3 i s  t h a t  t h e  r e l e a s e  during t h e  dynamic 
ope ra t ion  i s  much g r e a t e r  t h a n  t h e  r e l e a s e  during s t eady- s t a t e  operation; 
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Fig .  5 .3 .  Uranium Dioxide S ing le  Crys t a l ,  (21-13-9-29, 3-hr Flux 
Cycle, 575°C. 
0 1 2 3 4 
NEUTRON FLUX (neulrons/cm2 . sec ) 
Fig .  5 . 4 .  Uranium Dioxide S ing le  C r y s t a l .  
".. 
56 
about 2 .5  t imes as much. However, some of t he  r e l e a s e  during dynamic 
operat ion i s  caused by t h e  temperature-dependent cont r ibu t ion .  I f  t h e  
temperature-dependent cont r ibu t ion  i s  subtracted,  t he  r e l e a s e  r a t e  during 
o s c i l l a t i o n  i s  s t i l l  double t h e  s teady-s ta te  r e l e a s e  r a t e  f o r  t h e  same 
f l u x .  
W e  th ink  t h e  l a r g e r  r e l e a s e  r a t e  during t h e  o s c i l l a t i o n  of f l u x  
i s  because t h e  t r a p  population i s  o s c i l l a t i n g .  The number of t r a p s  
i s  g rea t e s t  j u s t  a f t e r  t h e  neutron f l u x  i s  maximum. A s  t h e  f l u x  
decreases,  t h e  annealing r a t e  of t h e  t r a p s  exceeds t h e  production r a t e  
and t h e  t r a p  populat ion dec l ines .  F iss ion  gas escaping t h e  t r a p s  can 
migrate t o  t h e  U02 sur face  and be ava i l ab le  f o r  knockout. When the  
f l u x  i s  increasing,  t he  t r a p  production exceeds t h e  annealing r a t e  and 
t h e  t r a p  populat ion increases .  The increas ing  t r a p  populat ion is ,  
however, o f f s e t  by t h e  increased production r a t e  of the f i s s i o n  gas 
and t h e  amount of f i s s i o n  gas a r r i v i n g  a t  t h e  specimen sur face  w i l l  
not be g r e a t l y  d i f f e r e n t  from t h e  s teady-s ta te  operat ion.  
The specimen used t o  obta in  t h e s e  da ta  was a pol ished s i n g l e  
c r y s t a l  of U02. However, t h e  sur face  of any specimen i s  a g ra in  boundary, 
and by our model, t h i s  i s  a deep t r a p  f o r  f i s s i o n  gas .  Thus, t h i s  
cyc l ic ,  point-defect  annealing w i l l  de l ive r  add i t iona l  gas i n  surges 
t o  t h e  specimen sur face  where it i s  t rapped.  The maximum r a t e  
of de l ivery  w i l l  be during t h e  f l u x  decrease and the re fo re  w i l l  account 
f o r  some of t h e  observed h y s t e r e s i s .  The net e f f e c t ,  however, w i l l  be 
t o  increase  t h e  t o t a l  amount of f i s s i o n  gas a t  t h e  specimen surPace 
ava i l ab le  f o r  knockout a s  compared t o  s teady-s ta te  operat ion.  Thus, 
t h e  da t a  from Figs .  5.3 and 5 . 4  support t h e  de fec t - t r ap  model. 
When t h e  neutron f l u x  w a s  o s c i l l a t e d  while t h e  specimen tempera- 
t u r e  was above 600°C, we not iced t h a t  the  f i s s i o n  gas was re leased  i n  
a more complex form. One such measurement, a 10-hr cycle while t h e  
specimen was a t  840°C, i s  i l l u s t r a t e d  i n  Fig.  5 .5 .  We th ink  t h a t  t he  
f l u x  peak r e s u l t s  i n  a maximum i n  the  knockout r e l ease  t h a t  has a delay 
time of about 20 min. The small a c t i v i t y  peak, about 200 min a f t e r  t he  
f l u x  peak, i s  t he  r e s u l t  of  t he  changing t r a p  population on t h e  
temperature-act ivated r e l ease .  
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Fig .  5 .5 .  Uranium Dioxide Single  Crysta.1, (21-13-8-8, 10-hr Flux 
Cycle, 840°C. 
Recal l  t h a t  t h e  temperature-dependent f i s s ion -gas  escape r a t e  
d id  not change much when t h e  specimen was i r r a d i a t e d  a t  constant 
temperatures but d i f f e r e n t  f l u x  l e v e l s .  The da ta  i n  F ig .  5 . 5  do show 
a change. The r e c o i l  p rocess  w i l l  account €or t h e  l a r g e  peak, and w e  
t h ink  the  small peak i s  caused by t h e  annealing of t r a p s  t h a t  were 
c rea ted  during t h e  times of m a x i m u m  f i s s i o n  r a t e .  
e n t i r e  v a r i a t i o n  of  gas r e l ease  i n  Fig.  5 . 5  i s  only about 5% o f  t he  
r e l ease  r a t e ,  while t he  p rec i s ion  of t h e  s teady-s ta te  measurements i s  
about l@ and would not  have de tec ted  t h i s  change. 
I n  any event, t he  
Temperature Osc i l l a t ions  
When t h e  specimen w a s  maintained a t  a constant f i s s i o n  r a t e  and 
t h e  temperature was cycled w e  observed a la rge ,  but smooth, o s i c l l a t i o n  
of f i ss ion-gas  r e l e a s e  r a t e  (see F ig .  5 . 6 ) .  However, t h e  maximum 
r e l e a s e  r a t e  occurred about 10 min before  t h e  specimen reached 
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i t s  maximum temperature ,  while  gas r e l e a s e  and temperature  reached 
minimum values  a t  t h e  same t i m e .  By t h e  d e f e c t - t r a p  model we observed 
t h a t  gas t h a t  i s  t rapped  a t  t h e  lower temperatures  i s  be ing  
r e l e a s e d  as t h e  temperature  inc reases ,  t h u s  producing more gas r e l e a s e  
a t  a given temperature  on t h e  hea t ing  cyc le  than  on t h e  cool ing  cyc le .  
This would r e s u l t  i n  a maximum gas- re lease  r a t e  be fo re  t h e  maximum 
temperature  w a s  ob ta ined .  
A d i f f u s i o n  model p r e d i c t s  an out-of-phase gas r e l e a s e  i n  some- 
what t h e  same ma.nner except  t h a t  t h e  minimum ga.s re lea . se  should a.lso 
be out of phase by t h e  same amount. Therefore,  we t h i n k  t h i s  r e s u l t  
i s  f u r t h e r  confirmation of t h e  d e f e c t - t r a p  model. 
The f i s s ion -gas  r e l e a s e  waves were analyzed i n  terms of t h e i r  
Four ie r  components, y i e l d i n g  amplitude and phase information as a 
func t ion  of frequency. This  a n a l y s i s  compared t h e  s t eady- s t a t e  
r e l e a s e  r a t e  ( a t  zero frequency) wi th  t h a t  a t  d i f f e r e n t  f requencies .  
The gas r e l e a s e  was found t o  inc rease  as t h e  frequency of o s c i l l a t i o n  
increased  and a t  very  slow o s c i l l a t i o n s  t h e  r e l e a s e  approached s teady-  
s t a t e  l e v e l s .  This  r e s u l t  i s  c o n s i s t e n t  wi th  t h e  r e s u l t s  i n  F ig .  5 . 4  
and wi th  those  p red ic t ed  f o r  t h e  d e f e c t - t r a p  model by Perez ;5  namely, 
t h a t  as t h e  o s c i l l a t i o n  frequency inc reases ,  t h e  frequency-dependent 
f a c t o r s  overcome t h e  t r app ing  e f f e c t  and t h e  r e l e a s e  approaches a 
d i f f u s i o n  mode, t hus  r e s u l t i n g  i n  an inc rease  of gas r e l e a s e ,  
5R. B. Perez,  Trans.  Am. Nucl. SOC.,  - 8 ( 1 ) ,  22-23 (1965). To be  - 
publ i shed  i n  Nuclear Appl ica t ions .  
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6. IRRADIATION EFFECTS ON ALLOYS AND STRUCTURAL MATERIALS 
D. S. B i l l i n g t o n  M. S. Wechsler 
The r e sea rch  of t h e  Radiat ion Metallurgy Sec t ion  of t h e  S o l i d  S t a t e  
Divis ion,  r epor t ed  here in ,  encompasses two aspec t s  of r a d i a t i o n  e f f e c t s  
on meta ls  and a l l o y s :  t h e  e f f e c t  of r a d i a t i o n  on m e t a l l u r g i c a l  r e a c t i o n s  
i n  a l l o y s  and on p l a s t i c  deformation and f r a c t u r e .  The major emphasis 
i s  on body-centered cubic  metals,  a l though our s t u d i e s  of segrega t ion  i n  
copper-nickel  a l l o y s  and of t h e  t e n s i l e  p r o p e r t i e s  of n i c k e l  a r e  excep- 
t i o n s .  There are s e v e r a l  reasons f o r  t h i s  emphasis on body-centered 
cubic metals .  For one th ing ,  r a d i a t i o n  damage i n  body-centered cubic  
metals has been s tudied  much l e s s  thoroughly than  i n  face-centered 
cubic  metals  i n  t h e  p a s t ,  al though, of course,  t h e  body-centered cubic  
metals  have as much b a s i c  s ign i f i cance .  Now t h a t  it i s  p o s s i b l e  t o  
prepare  pu re r  and b e t t e r  cha rac t e r i zed  samples of body-centered cubic  
metals, p a r t i c u l a r l y  i r o n  and t h e  r e f r a c t o r y  metals, it seems appropr i -  
a te  t o  pursue r a d i a t i o n  damage s t u d i e s  on t h e s e  materials t o  a g r e a t e r  
e x t e n t .  
Another motivat ion f o r  s tudying  t h e  body-centered cubic  metals 
stems from more p r a c t i c a l  cons ide ra t ions .  The problem of t h e  embrittle- 
ment of p re s su re  v e s s e l  s teels  cont inues  t o  l end  concern over t h e  safety 
of reactor  p re s su re  vessels. The problem has i t s  o r i g i n  i n  t h e  phenom- 
enon of low-temperature b r i t t l e n e s s  t o  which t h e  body-centered cubic  
metals are suscep t ib l e .  Therefore ,  cont inued e f f o r t  t o  be t te r  under- 
s t and  t h e  processes  of flow and f r a c t u r e  i n  t h e s e  metals i s  r equ i r ed .  As  
i s  descr ibed ,  t h e  a c t i v i t i e s  of t h e  Radia t ion  Metallurgy Sec t ion  i n  t h i s  
area inc ludes  r a t h e r  fundamental work, such as p l a s t i c  deformation and 
e t c h  p i t t i n g  i n  s i n g l e  c r y s t a l s  of niobium and stress r e l a x a t i o n  measure- 
ments of d i s l o c a t i o n  dynamics i n  i ron ,  and somewhat more app l i ed  work 
on t h e  t e n s i l e  p r o p e r t i e s  of irradiated i r o n  and n i cke l .  F ina l ly ,  t h e  
Sec t ion  has  r e s p o n s i b i l i t i e s  f o r  several r e a c t o r  p re s su re  vessel s u r v e i l -  
l ance  programs and i n  t h i s  work i r r a d i a t i o n s  and t e s t s  on commercial 
s teels  are r equ i r ed .  
OFFICIAL USE ONLY 
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To inc rease  t h e  e f f e c t i v e n e s s  of t h e  research ,  s e v e r a l  new f a c i l i -  
t i e s ,  c h i e f l y  f o r  t h e  Bulk Shie ld ing  Reactor, have been i n s t a l l e d  o r  
a r e  be ing  cons t ruc ted  o r  designed. 
a t  t h e  northwest corner of t h e  BSR (now i n  operation),  a l iquid-nitrogen- 
cooled c ryos t a t  f o r  opera t ion  a t  t h e  edge of t h e  r e a c t o r  (almost com- 
p l e t e l y  cons t ruc t ed ) ,  and a neutron convertor  f a c i l i t y  f o r  i r r a d i a t i o n s  
i n  a h igh -pur i ty  f i s s i o n  f l u x  (under des ign ) .  
These inc lude  an  i r r a d i a t i o n  chamber 
Ef fec t  of I r r a d i a t i o n  on P r e c i p i t a t i o n  of N i t r i d e s  i n  Alpha I ron  
J. T. S tan ley  W .  E.  Brundage 
I n  recent  months our s tudy of t h e  i ron-n i t rogen  system has concen- 
t r a t e d  on the t r app ing  of r a d i a t i o n  p&duced defects by n i t rogen  atoms. 
This  work w a s  motivated by t h e  r e s u l t s  of t h e  Brookhaven group on t h e  
i ron-carbon system. 
f r i c t i o n  measurements i n  irorl-carbon specimens as showing tha t  i n  
heav i ly  i r r a d i a t e d  specimens carbon atoms d i f f u s e  t o  vacancies  and form 
complexes t h a t  a r e  s t a b l e  t o  about 250°C. Subsequently, r e s u l t s  of 
e l e c t r i c a l  r e s i s t i v i t y ,  ca lo r ime t r i c ,  and e l e c t r o n  microscope4 measure 
-- 
I 
/---~-- 
Damask and Wagenblast' i n t e r p r e t e d  t h e i r  i n t e r n a l  
ments were presented  t o  confirm t h i s  model. F ina l ly ,  c a l c u l a t i o n s  were 
made by Johnson' u s ing  t h e  r e s u l t s  of Damask and eo-workers t o  devise  an 
e f f e c t i v e  carbon-iron i n t e r a c t  i o n  p o t e n t i a l .  Johnson then  used t h i s  
i n t e r a c t i o n  p o t e n t i a l  t o  c a l c u l a t e  c e r t a i n  p r o p e r t i e s  of t h e  i ron-carbon 
'H. Wagenblast and A. C .  Damask, "Kinet ics  of Carbon P r e c i p i t a t i o n  
2F. E. F u j i t a  and A. C .  Damask, "Kinet ics  of Carbon P r e c i p i t a t i o n  
i n  I r r a d i a t e d  I ron , "  Phys. Chem. So l ids  23, 221-27 (1962). 
i n  I r r a d i a t e d  I ron  - I1 E l e c t r i c a l  R e s i s t i v i t y  Measurements," Acta Met l2, 
333-39 (1964). 
- 
- 
3R. A. Arndt and A. C .  Damask, "Kinet ics  of Carbon P r e c i p i t a t i o n  i n  
I r r a d i a t e d  I r o n  - I11 Calorimetry,  ' I  Acta Met. 12, 34145 (1964). 
4H. Wagenblast, F. E. F u j i t a ,  and A. C. Damask, "Kinet ics  of Carbon 
P r e c i p i t a t i o n  i n  I r r a d i a t e d  I ron  - IV Elec t ron  Microscope Observations,  ' I  
Acta Met. 12, 347-53 (1964). 
Energy and Migration C h a r a c t e r i s t i c s  of Carbon and Nitrogen i n  a - I ron  
and Vanadium, ' I  Acta Met. 12, 1215-24 (1964). 
- 
- 
5R. A. Johnson, G.  J. Dienes, and A. C .  Damask, "Calculat ions of t h e  
- 
E-ONLY 
system. Many of t h e  ca l cu la t ions  showed good agreement with experiment. 
The ca l cu la t ions  l e d  Johnson t o  p red ic t  t h a t  a n i t rogen  atom i n  i r o n  
would be bound t o  a vacancy with about t h e  same energy as a carbon atom. 
In  our experiments with neutron i r r a d i a t e d  i ron-n i t rogen  a l loys ,  we 
were unable t o  obta in  r e s u l t s  t h a t  ind ica ted  a comparable t rapping  of 
n i t rogen  atoms by vacancies .6  
high enough t o  produce t h e  t rapping  r eac t ion .  More recent ly ,  using 
e lec t ron . - i r rad ia t ions  we have been ab le  t o  produce de fec t  concentrat ions 
comparable t o  t h e  n i t rogen  atom concentrat ions,  and we have observed a 
phenomenon t h a t  may be due t o  t h e  t rapping  r eac t ion .  
/------___ c---------. 
In  general  we d i d  not i r r a d i a t e  t o  doses 
L.-------- .----.- - 
Review of Experimental Procedures and Previous Resul ts  
I n  t h e  experiments on t h e  iron-carbon system and on t h e  i ron-ni t rogen 
system, measurements were made on h ighly  supersa tura ted  s o l i d  so lu t ions  
prepared by quenching from higher temperatures t o  room temperature.  I n  
both systems t h e  supersaturated s o l i d  so lu t ions  decompose i n t o  p r e c i p i -  
t a t e s ,  bu t  t h e  s o l u b i l i t y  of t h e  n i t r i d e  i s  considerably higher  than  
t h e  s o l u b i l i t y  of t h e  carb ide .  I n  each system i n t e r n a l  f r i c t i o n  measure- 
ments give a s e n s i t i v e  and s p e c i f i c  i nd ica t ion  of t h e  amount of carbon 
o r  n i t rogen  i n  so lu t ion  i n  i r o n  i n  t h e  regular  i n t e r s t i t i a l  pos i t i on ,  
which i s  t h e  oc tahedra l  s i t e  of t h e  i r o n  l a t t i c e .  Experiments have 
e s t ab l i shed  t h a t  neutron i r r a d i a t i o n  can enhance t h e  r a t e  of formation 
of t he  carbide' and the  n i t r i d e . 6  Our experiments have ind ica ted  tha t  
e l ec t ron  i r r a d i a t i o n  cannot enhance t h e  r a t e  of metastable n i t r i d e  
p r e c i p i t a t i o n  and, i n  f a c t ,  may slow it down. The enhanced r a t e  of 
p r e c i p i t a t i o n  upon neukron i r r a d i a t i o n  i s  almost c e r t a i n l y  due t o  
formation of nucleat ion s i t e s  f o r  t h e  p r e c i p i t a t i o n ,  but t h e  nature  of 
t hese  nuc lea t ion  s i tes  i s  not known. 
6J. T .  Stanley, "The Effec t  of  I r r a d i a t i o n  on P r e c i p i t a t i o n  of 
N i t r ides  i n  I ron ,"  pp. 349-56 i n  Diffusion i n  Body Centered Cubic 
Metals, The American Society f o r  Metals, Metals Park, Ohio, 1965. 
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I n t e r a c t i o n  Between Point  Defects and Nitrogen Atoms i n  I ron  
Recently we have found t h a t  when i ron-ni t rogen specimens a r e  i r r a d i -  
ated with 2-Mev electrons at low temperatures to doses sufficient to 
produce defec t  concentrat ions equal t o  t h e  concentrat ion of n i t rogen  
atoms i n  so lu t ion ,  a c e r t a i n  f r a c t i o n  of t h e  ni t rogen atoms disappears  
from so lu t ion  a t  a temperature below 35°C. 
presumably t rapped by r a d i a t i o n  produced de fec t s .  
da te  it was found t h a t  when t h e  ca lcu la ted  Frenkel defec t  concentrat ion 
was equal t o  t h e  n i t rogen  atom concentrat ion about 16% of t h e  ni t rogen 
atoms were trapped, and when t h e  Frenkel defect  concentrat ion w a s  double 
the  ni t rogen atom concentrat ion about 38% of t h e  ni t rogen atoms were 
trapped. Figure 6.1 shows t h e  r e s u l t s  of experiments t h a t  suggest t h a t  
t h i s  t rapping  r e a c t i o n  occurs. 
steps 4 and 9 i n  Fig. 6.1, t h e  sample w a s  i r rad ia ted  a t  l o w  tempera- 
t u r e s  with e s s e n t i a l l y  a l l  of t h e  n i t rogen  i n  so lu t ion .  The sample was 
then  removed from t h e  i r r a d i a t i o n  apparatus and placed i n  t h e  measuring 
apparatus .  
i n t e r v a l s  up t o  65°C. 
show a decrease i n  t h e  amount of n i t rogen  remaining i n  so lu t ion  a f t e r  
t h e  i r r a d i a t i o n .  I n  t h e  case of t he  smaller dose i r r a d i a t i o n  t h e  
f r a c t i o n a l  decrease i n  i n t e r n a l  f r i c t i o n  a t  each temperature i s  constant .  
This f a c t  i nd ica t e s  t h a t  t rapping  occurs below 25°C. 
higher  dose i r r a d i a t i o n  t h e  f r a c t i o n a l  decrease i s  not as grea t  f o r  t h e  
two lowest temperature measurements as f o r  t h e  higher  temperature measure- 
ments. The s igni f icance  of t h i s  l as t  observation i s  not known a t  p resent .  
These ni t rogen atoms a r e  
In  experiments t o  
For t h e  measurements represented by 
Measurements were made a t  approximately 1 0 ° C  temperature 
The measurements even a t  t h e  low temperatures 
However, f o r  t h e  
I n t e r n a l  f r i c t i o n  measurements upon so lu t ion  annealing of t h e  
e l ec t ron - i r r ad ia t ed  i ron-ni t rogen sample have e s t ab l i shed  t h e  approximate 
temperature a t  which ni t rogen atoms a r e  re leased  from t h e i r  t r a p s .  
Following s t ep  4,  Fig.  6.1, t h e  sample was aged a t  65°C t o  p r e c i p i t a t e  
t h e  remaining n i t rogen  a s  FegN ( s t ep  5 ) .  The sample w a s  then  so lu t ion  
annealed a t  370°C. Step 6, Fig.  6.1, shows t h a t  t h e  l e v e l  of f r e e  n i t r o -  
gen re turned  t o  t h e  value it had a f t e r  t h e  e l ec t ron  i r r a d i a t i o n ,  which 
ind ica t e s  t h a t  t h e  so lu t ion  anneal a t  370°C redissolved t h e  FegN p rec ip i -  
t a t e  but  d id  not r e l e a s e  n i t rogen  from t h e  radiation-produced t r a p s .  
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Then a so lu t ion  anneal a t  450°C w a s  appl ied ( s t e p  7). 
cen t r a t ion  of f r e e  n i t rogen  increased almost t o  i t s  value before  i r r a d i -  
a t i o n  ( f i l l e d  squares, Fig.  6 . 1 ) .  Thus, f o r  t h e  i r r a d i a t i o n  a t  77°K t o  
7.8 X lo1* electrons/cm2, t h e  t rapped ni t rogen was re leased  between 370 
and 450°C. Another aging a t  65°C and so lu t ion  annealing a t  370°C ( s t ep  8 
and open t r i a n g l e ,  Fig.  6.1) gave t h e  same concentrat ion of f r e e  n i t rogen  
a s  a f t e r  t h e  so lu t ion  anneal a t  450°C. 
This time the  con- 
We have seen t h a t  t h e  i r r a d i a t i o n  t o  1 .5  X lo1' electrons/cm2 a t  
170°K produced a decrease of about 38% i n  t h e  i n t e r n a l  f r i c t i o n  peak due 
t o  f r e e  n i t rogen  (open squares,  Fig.  6 .1) .  
t h e  n i t rogen  atoms were t rapped by radiation-produced de fec t s .  
ni t rogen-defect  complex may be  expected t o  introduce a new i n t e r n a l  
f r i c t i o n  peak. 
t h a t  f o r  t h e  f r e e  nitrogen, t h e  add i t iona l  peak would have a height  of 
about 5 X lo-? 
i n  Fig.  6.1, a search was made f o r  an add i t iona l  peak by making i n t e r n a l  
f r i c t i o n  measurements a t  temperatures from -200 t o  300°C. Figure 6.2 
shows t h a t  no peak (o ther  than  t h e  peak a t  65°C due t o  f r e e  n i t rogen)  of 
This suggests t h a t  38% of 
This 
I f  t h e  r e l axa t ion  s t r eng th  of t h e  complex were equal t o  
Therefore, following t h e  i n t e r n a l  f r i c t i o n  run shown 
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t h e  expected magnitude was de tec t ed .  
s t r e n g t h  of t h e  complex i s  much smal le r  than  for f r e e  n i t rogen .  
p o s s i b i l i t y  i s  t h a t  by t h e  t ime t h e  measurements of F ig .  6.2 were made, 
many types  of complexes had formed conta in ing  va r ious  numbers of d e f e c t s  
and n i t rogen  atoms. I n  t h i s  case,  a l a r g e r  i n t e r n a l  f r i c t i o n  peak due 
t o  t rapped  n i t rogen  might be  observed a t  an e a r l i e r  s t age  i n  t h e  t r app ing .  
It may be  t h a t  t h e  r e l a x a t i o n  
Another 
I n  t h e  next s e r i e s  of measurements, t h e  temperature  range f o r  t h e  
r e l e a s e  of n i t rogen  atoms from t r a p s  fol lowing t h e  i r r a d i a t i o n  t o  
1.5 X lo1’ electrons/cm2 was determined i n  a manner similar t o  t h a t  
descr ibed  above f o r  t h e  i r r a d i a t i o n  t o  7.8 X 10l8 electrons/cm*. 
ever,  because of t h e  in t e rven ing  t rea tment  (F ig .  6.2) t h e  sample probably 
contained some Fe4N p r e c i p i t a t e .  The sample was s o l u t i o n  annealed and 
quenched from temperatures  from 580 t o  660°K (315 t o  385°C). 
i n t e r n a l  f r i c t i o n  measurements a t  65°C (F ig .  6.3) i n d i c a t e  t h a t  t h e  
How- 
The 
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t rapped  n i t rogen  i n  t h i s  case  w a s  r e l e a s e d  between 315 and 385"C, which 
i s  above t h e  temperature  f o r  r e - s o l u t i o n  of t h e  Fe4N p r e c i p i t a t e .  
F i n a l l y  w e  have made some i so thermal  ag ing  experiments a t  65°C t o  
s ee  t h e  e f f e c t  of l a r g e  e l e c t r o n  doses on t h e  k i n e t i c s  of p r e c i p i t a t i o n  
of FegN. These r e s u l t s  a r e  shown i n  F ig .  6.4 f o r  t h e  sample be fo re  
i r r a d i a t i o n  and a f t e r  i r r a d i a t i o n  a t  77°K wi th  7.8 X 10l8 electrons/cm2. 
The e f f e c t  of t h e  e l e c t r o n  i r r a d i a t i o n  i s  t o  slow down t h e  p r e c i p i t a t i o n .  
There are two poss ib l e  explana t ions  f o r  t h e  observed r e t a r d a t i o n  of FegN 
p r e c i p i t a t i o n :  (1) Af te r  e l e c t r o n  i r r a d i a t i o n  t h e r e  i s  less  n i t rogen  i n  
s o l u t i o n  so  t h a t  a smaller number of n i t r i d e  p a r t i c l e s  are nuc lea ted ,  
(2)  The n u c l e i  f o r  n i t r i d e  p r e c i p i t a t i o n  a r e  impuri ty  atoms and t h e  
vacancies  c r e a t e d  by the  i r r a d i a t i o n  al low t h e s e  impur i ty  atoms t o  d i f f u s e  
and agglomerate so  t h a t  t h e  number of n u c l e i  i s  decreased.  
The r e s u l t s  of our experiments a r e  summarized i n  Fig.  6.5,which i s  
a schematic diagram of an  assumed i sochronal  annea l ing  experiment on an  
i ron -n i t rogen  sample i r r a d i a t e d  a t  about 1 7 0 ° K  t o  an  e l e c t r o n  dose of 
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1.5 X 1019 electrons/cm*. 
i n  so lu t ion  ( a f t e r ,  say, 15 min anneals a t  temperature i n t e r v a l s  of 
25°C) i s  p l o t t e d  a s  a func t ion  of annealing temperature.  Stage A repre-  
s e n t s  t h e  t rapping  of n i t rogen  atoms by radiation-produced de fec t s .  The 
temperature of t h i s  s t age  has not been d e f i n i t e l y  es tab l i shed ,  bu t  it 
must occur below 35°C. 
could be observed by measuring t h e  n i t rogen  i n t e r n a l  f r i c t i o n  peak. 
it occurs below -lO°C, other  techniques would have t o  be used. 
I n  Fig.  6.5 t h e  amount of n i t rogen  remaining 
I f  t h i s  s t age  occurs between -10°C and 35"C, it 
I f  
Stage B represents  t he  p r e c i p i t a t i o n  of n i t r i d e ,  FegN. Although 
isochronal  annealing experiments have not been done, we can es t imate  
t h e  loca t ion  of s tage  B from isothermal  annealing experiments. 
drawn s t age  B a t  somewhat lower temperatures f o r  t h e  un i r r ad ia t ed  sample 
compared t o  t h e  i r r a d i a t e d  sample; t h i s  s h i f t  i s  i n  q u a l i t a t i v e  accord 
with t h e  isothermal  measurements. 
We have 
Stage C r ep resen t s  t h e  r e - so lu t ion  of t h e  FegN p r e c i p i t a t e  accord- 
ing  t o  t h e  s o l u b i l i t y  data of Fast  and Verr i jp .7  In  t h e  case of t h e  
7J. D. Fas t  and M. B. Verr i jp ,  "So lub i l i t y  of Nitrogen i n  Alpha- 
I ron ,"  J. I ron  S t e e l  I n s t .  (London) - 180, 337-43 (1955). 
un i r r ad ia t ed  sample, t h e  recovery continues u n t i l  t h e  t o t a l  amount of 
n i t rogen  i s  red isso lved .  
n i t rogen  recovers  only t o  t h e  l e v e l  remaining a f t e r  s t age  A. 
I n  t h e  case of t h e  i r r a d i a t e d  sample t h e  
Stage D represents  t h e  p r e c i p i t a t i o n  of t h e  n i t r i d e ,  Fe4N. The 
l o c a t i o n  of t h i s  s tage  i s  suggested by isothermal  aging experiments. 
The high temperature of t h i s  s tage  i s  apparent ly  due t o  nuc lea t ion  
d i f f i c u l t i e s .  We have ind ica ted  t h a t  we don ' t  expect t h i s  s t age  f o r  
t h e  i r radiated sample because of t h e  lower f r e e  n i t rogen  concentrat ion.  
For t h e  un i r r ad ia t ed  sample s t age  E r ep resen t s  t h e  r e - so lu t ion  of 
Fe4N according t o  t h e  da t a  of Fast  and Ver r i jp .  
sample s t age  E represents  t h e  breakup of t h e  n i t rogen  atom-defect com- 
p lex .  The temperature of t h i s  s t age  i s  based on t h e  observat ions shown 
i n  Fig.  6 .3 .  
For t h e  i r r a d i a t e d  
Conclusions 
Although our measurements are incomplete, one conclusion a t  t h i s  
time i s  t h a t  our r e s u l t s  do not agree with t h e  r e s u l t s  of t h e  Brook- 
haven measurements a s  t o  t h e  number of de fec t s  needed t o  t r a p  n i t rogen  
o r  carbon atoms. 
present  i n  t h e  samples and a f a s t  neutron dose of 4.8 X 1ol6 neutrons/cm2 
caused h a l f  of t h e  carbon t o  be trapped. '  
I n  t h e  Brookhaven experiments about 0.01 wt '% C w a s  
Thus, f o r  a primary c ross  
sec t ion  of 3 barns,  1600 de fec t s  pe r  primary knock-on would be requi red  
on t h e  avergge t o  produce vacancies equal t o  t h e  number of carbon atoms. 
Normally t h e  number of de fec t s  per  primary c o l l i s i o n  event f o r  neutron 
spec t r a  such a s  t h a t  i n  t h e  Brookhaven experiment i s  taken  t o  be about 
100 t o  200. 
measurements t o  be i n  e r r o r  by a f a c t o r  of 10. However, on t h e  b a s i s  
of our e l e c t r o n  experiments about 6 t i m e s  t h i s  number would be requi red  
t o  t r a p  a l l  of t h e  carbon atoms so t h a t  t h e  f l u x  measurements would 
have t o  be i n  e r r o r  by a f a c t o r  of 60. I n  our longest  neutron i r r a d i -  
a t i o n  of 23 days t h e  f a s t  neutron dose was 1 .3  X 1017 neutrons/cm2, and 
i f  t h e  number of de fec t s  per  primary c o l l i s i o n  were 1600 then  t h e  defec t  
concentrat ion would equal t h e  n i t rogen  atom concentrat ion.  However, our 
experiments showed no measurable t rapping  of t h e  ni t rogen atoms f o r  t h i s  
The discrepancy might be explained by assuming t h e  f l u x  
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case.  If one assumes t h a t  t h e  f lux measurements were i n  e r r o r  so  t h a t  
t h e r e  a c t u a l l y  were equal numbers of carbon atoms and vacancies,  and 
t h a t  excess vacancies were not needed t o  t r a p  a l l  of t he  carbon atoms, 
then  it appears t h a t  t h e  r eac t ion  would have occurred f a s t e r  than  
observed by Damask e t  a l .  Thus, f o r  a vacancy concentrat ion of 
4.7 x t h e  number of jumps required f o r  a carbon t o  reach a vacancy 
would be 6 x l o 2  and a t  50°C t h i s  would r equ i r e  about 1 min, whereas 
t h e  time observed by Wagenblast and Damask' was 20 min. In view of t h e  
above discussion,  we f e e l  t h a t  t h e  process observed could not have been 
--
t rapping  of a carbon atom by a vacancy on a one-to-one basis, but must 
have been some more complicated process such a s  p r e c i p i t a t i o n  of a 
carbide on nuc le i  c rea ted  by t h e  i r r a d i a t i o n .  It i s  obvious t h a t  a 
grea t  d e a l  more work will be requi red  before  t h e  behavior of i n t e r -  
s t i t i a l s  such a s  carbon and n i t rogen  i n  i r r a d i a t e d  i r o n  w i l l  be under- 
s tood.  
For t h e  case of neutron i r r a d i a t e d  specimens more a t t e n t i o n  should 
be given t o  t h e  r o l e  of s u b s t i t u t i o n a l  impur i t ies  t h a t  might be formed 
by nuclear t ransmutat ions.  It i s  known t h a t  a number of elements i n t r o -  
duced i n t o  i r o n  i n  small  q u a n t i t i e s  can a t t r a c t  n i t rogen  and carbon 
atoms and e f f e c t i v e l y  remove them from s o l i d  so lu t ion  as f a r  as t h e  
i n t e r n a l  f r i c t i o n  peak i s  concerned. These impurity elements could a l s o  
a c t  a s  nuc le i  f o r  t h e  formation of p r e c i p i t a t e s .  Neutron i r r a d i a t i o n  
could a c t  by two mechanisms t o  increase  t h e  e f f e c t i v e  concentrat ion of 
such impurity atoms: (1) The energe t ic  displacement events occurr ing 
i n  t h e  neighborhood of a region r i c h  i n  such impur i t ies  could d i s t r i b u t e  
them through t h e  l a t t i c e  so  t h a t  they  a r e  more e f f e c t i v e .  
t ransmutat ions could change an impurity i n t o  one t h a t  i n t e r a c t s  more 
s t rongly  with carbon or nit rogen.  
b i l i t i e s ,  experiments should be done with d i f f e r e n t  neutron spec t ra  
and with much purer  i ron .  
( 2 )  Nuclear 
I n  order  t o  inves t iga t e  these  poss i -  
8An e a r l y  paper on t h i s  subjec t  i s  L. J. Di jks t r a  and R.  J. Sladek, 
"Effect of Alloying Elements on t h e  Behavior of Nitrogen i n  Alpha I ron ,"  
J. Metals 5, 6973 (1953). For more recent  information of t h i s  type see 
J. F. Enr iz t to ,  "Complex Damping Ef fec t s  i n  Fe-Mn-N Alloys," Trans. M e t .  
SOC. AIME - 224, 1119-23 (1962). 
... 
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Another important problem i s  t o  determine t h e  energy of i n t e r -  
a c t i o n s  of each type  of de fec t ,  i n t e r s t i t i a l  and vacancy, with ca.rbon 
and n i t rogen  i n  i r o n ,  
wi th  i r r a d i a t i o n s ,  such as e l e c t r o n  i r r a d i a t i o n s ,  t ha t  produce simple 
damage st  a t  es . 
Clear ly ,  t h e s e  experiments should be  c a r r i e d  out  
Radiation-Enhanced Segregat ion i n  a Copper-Nickel Al loy  
J. M. W i l l i a m s  B. C. Kel ley  
M. S. Wechsler 
I n  a previous  r e p o r t g  it w a s  shown t h a t  bombardment of copper- 
n i c k e l  a l l o y s  a t  l i qu id -n i t rogen  temperature  wi th  fas t  neutrons endows 
t h e  m a t e r i a l  with t h e  a b i l i t y  t o  undergo segrega t ion  upon subsequent 
warm-up. The segrega t ion  i s  accompanied by a decrease i n  t h e  e l e c t r i -  
c a l  r e s i s t i v i t y .  I sochronal  annea l ing  curves showing t h e  change i n  
r e s i s t i v i t y  as a func t ion  of temperature  fol lowing neutron i r r a d i a t i o n  
were r epor t ed .  
e l e c t r o n  bombardment i n  producing t h e  r e s i s t i v i t y  decrease w a s  s i m i l a r  
t o  t ha t  of the  neutron bombardment. From t h e s e  s t u d i e s  it w a s  con- 
cluded t h a t  r a d i a t i o n  enhanced d i f f u s i o n  i s  t h e  primary mechanism where- 
by t h e  r a d i a t i o n  produces t h e  segrega t ion .  
It w a s  fur ther  shown” tha t  t h e  e f f e c t  of low-temperature 
I n  t h e  p re sen t  experiment, w e  have__Eeasured t h e  a c t  ivat-ion-enagy- ---___----- 
of t h e  thermal ly  a c t i v a t e d  r e s i s t i v i t y  decrease fo l lowing  low-temperature 
neutron bombardment us ing  t h e  r a t io -o f - s lopes  method. W e  w i l l  now show 
t h a t  t h i s  a c t i v a t i o n  energy should equal  t h e  energy of motion of t h e  
diffusion-enhancing po in t  d e f e c t .  
I n  t h e  r a t io -o f - s lopes  method’’ t h e  a c t i v a t i o n  energy of a process  
i s  c a l c u l a t e d  from t h e  change i n  t h e  r a t e  of t h e  process  upon abrupt ly  
changing t h e  i so thermal  annea l ing  temperature  from one va lue  t o  another .  
’J. M. W i l l i a m s ,  W .  Schiile, B. C.  Kelley, and M. S. Wechsler, Fue ls  
and Mater ia l s  Development Program Quart. Progr .  Rept. June 30, 1964, 
ORNL-TM-920, p.  92. 
loJ. M. W i l l i a m s ,  B. C.  Kel ley,  and M. S. Wechsler, Fuels  and Mate- 
risk Development Program Quart. Progr .  Rept. March 31, 1965, 
OWL-TM-1100, p .  45. 
”A. C. Damask and G. J. Dienes, p .  147 i n  Poin t  Defects i n  Metals, 
Gordon and Breach, New York, 1963. 
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The type of measurements required a r e  i l l u s t r a t e d  schematical ly  i n  
Fig.  6.6. Now, under r a d i a t i o n  enhanced d i f fus ion ,  t h e  change i n  
r e s i s t i v i t y  t h a t  has taken p lace  a t  a given time w i l l  be a func t ion  
of t h e  number of atomic jumps, nJ, t h a t  have taken p lace .  Thus, 
whe r eup on 
Now 
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Fig .  6.6. Schematic Anneal Curve a t  Temperature T i  and T2 t o  
I l l u s t r a t e  Act ivat ion Energy Determinations by Ratio-of -Slopes Methoe. 
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where n i s  t he  concentra , t ion of diffusion-enha,ncing d e f e c t s  and u 
D D i s  
t h e  jump ra . te  of  each defec t ;  v may be expressed a.s D 
v D = vo exp (-Em/kT) , ( 4 )  
where E i s  t h e  energy of  motion of t h e  de fec t  a.nd k i s  Boltzma.nn's m 
consta .nt .  Thus, 
Now, i s  i n  genera l  a. func t ion  of Ap. But s ince  t h e  f ina .1  value of  
n p  f o r  Isotherm 1 i s  t h e  same a.s t h e  i n i t i a . 1  value for Isotherm 2 
(a t  po in t  A, F ig .  6.6), t h e  va.lue of * i s  t h e  same for  both isotherms.  
S imi l a r ly ,  n a, t  p o i n t  A i s  common t o  t h e  two isotherms.  Thus, a.t t h e  
p o i n t  where t h e  two isotherms i n t e r s e c t ,  we have for t h e  s lopes  of t h e  
two isotherms 
dnJ 
d*J 
D 
and 
a.nd hence 
from which E ca,n be eva lua ted .  It should be poin ted  ou t ,  however, 
t h a t  t h i s  method a.ssumes a. uniquely a.ctivarted process .  
m 
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I n  t h i s  experiment a s e r i e s  of shor t  isothermal  annealing curves 
were obtained f o r  a N i - 4 0  w t  $ Cu a l l o y  t h a t  had previously been 
i r r a d i a t e d  t o  a dose of 1 X 1017 neutrons/cm* ( E  > 1 MeV) a t  a tempera- 
t u r e  of about -180°C. These r e s u l t s  a r e  shown i n  Fig.  6.7. From 
expanded p l o t s  of t hese  curves t h e  a c t i v a t i o n  energies  were evaluated 
from Eq. (8) f o r  t h e  temperature range shown. The r e s u l t s  a r e  summa- 
r i z e d  i n  Table 6.1. It i s  seen t h a t  t h e  apparent a c t i v a t i o n  energy 
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Fig.  6.7. Annealing of  N i - 4 0  wt '$ Cu a f t e r  I r r a d i a t i o n  t o  
1 x 
ments at -196°C. 
neutrons,/cm2 ( E  > 1 Mev) a.t -180°C. All r e s i s t i v i t y  measure- 
Table 6.1. Activat ion Energies f o r  Annealing N i 4 O  w t  '$ Cu 
a f t e r  I r r a d i a t i o n  t o  1 X 1017 neutrons/cm2 (E > 1 Mev) a t  -180°C 
~ 
Temperature of Temperature of Act ivat ion 
Isotherm 1 Isotherm 2 Energy, Em 
( " c )  ("c)  (4 
-42.5 
-20.3 
-to. 7 
23.3 
44.3 
64.2 
88.8 
114.5 
137.5 
164.5 
191.8 
-20.3 
+o.? 
23.3 
44.3 
64.2 
88.8 
114.5 
137.5 
164.5 
191.8 
221.7 
0.56 
0.69 
0.93 
1.22 
1.26 
1.28 
1.31 
1.28 
1. 
1.25 
1.69 
a Doubtful value.  
increases  genera l ly  with increas ing  temperature, although over the  f a i r l y  
wide range of temperatures from 23 t o  192"C, Em i s  q u i t e  constant a t  a 
value between 1.2 and 1.3 ev. 
A Study of Radiation Hardening i n  I ron  by S t r e s s  
Relaxation Techniques 
S. M. Ohr 
This program has been d i r ec t ed  toward an understanding of t h e  
mechanism of r a d i a t i o n  hardening i n  body-centered cubic metals, e spec ia l ly  
i r o n  and i t s  a l loys .  It i s  shown t h a t  t h e  r a d i a t i o n  hardening can be 
a t t r i b u t e d  t o  two causes: 
of t h e  l a t t i c e  t o  d i s loca t ion  motion, and (2) t h e  d i f f i c u l t y  i n  t h e  
generat ion and mul t ip l i ca t ion  of d i s loca t ions .  
r e l axa t ion  technique, we have been ab le  t o  measure these  e f f e c t s  sepa- 
r a t e l y .  It i s  found t h a t ,  while t h e  dens i ty  of mobile d i s loca t ions  i s  
lowered by a s  much as 2 orders  of magnitude upon i r r a d i a t i o n ,  t h e  
(1) an. increase  i n  t h e  dynamical r e s i s t ance  
With t h e  use of a s t r e s s  
major cause of  t h e  r a d i a t i o n  hardening i s  t h e  inc rease  i n  t h e  dynamical 
r e s i s t a n c e  of t h e  l a t t i c e  t o  d i s l o c a t i o n  motion. We w i l l  f i r s t  desc r ibe  
t h e  techniques  and t h e  r e s u l t s  ob ta ined  f o r  u n i r r a d i a t e d  samples and 
then  w i l l  proceed t o  compare t h e s e  rwith t h e  resu-lts  from t h e  i r r a d i a , t e d  
samples . 
Since Johnston and Gilman12 measured t h e  v e l o c i t y  of d i s l o c a t i o n s  
i n  LiF by e t c h - p i t  techniques,  t h e  stress dependence of t h e  d i s l o c a t i o n  
v e l o c i t y  has  o f t e n  been represented  by t h e  formula 
where 
v = t h e  average d i s l o c a t i o n  ve loc i ty ,  
CI = t h e  u n i a x i a l  t e n s i l e  s t r e s s ,  
o = t h e  s t r e s s  corresponding t o  u n i t  v e l o c i t y ,  
0 
m = t h e  index of t h e  s t r e s s  dependence of t h e  v e l o c i t y .  
S t e i n  and Low13 found t h a t  t h e  va lue  of m f o r  edge d i s l o c a t i o n s  i n  
s i l i c o n  i r o n  i s  approximately 35 a t  room temperature .  
number of i n d i r e c t  measurements14 have shown t h a t  t h e  va lue  of m 
i nc reases  r a p i d l y  wi th  s t r a i n .  
Since t h e n  a 
We app l i ed  a s t r e s s  r e l a x a t i o n  technique15 t o  s tudy  d i s l o c a t i o n  
dynamics i n  u n i r r a d i a t e d  i r o n  and i r o n - s i l i c o n  and i n  i r radiated i r o n .  
I n  t h e  s t r e s s  r e l a x a t i o n  technique,  a t e n s i l e  sample i s  deformed i n  an 
12W. G. Johnston and J. J. Gilman, "Dis loca t ion  Veloc i ty ,  D i s -  
l o c a t i o n  Dens i t i e s ,  and P l a s t i c  Flow i n  LiF C r y s t a l s , "  J. Appl. Phys. 
- 30, 129 (1959) .  - 
13D. F. S t e i n  and J .  R .  Low, Jr., "Mobili ty of Edge Di s loca t ions  
1 4 W .  G. Johnston and D.  F. S t e i n ,  "S t r e s s  Dependence of D i s loca t ion  
i n  S i l i c o n - I r o n  C r y s t a l s , "  J.  Appl. Phys. - 31, 362 (1960) .  
Ve loc i ty  I n f e r r e d  from S t r a i n  Rate S e n s i t i v i t y , "  Acta Met. - 11, 317 
(1963) . 
Veloc i ty  from S t r e s s  Relaxa t ion  Experiments," Acta Met. - 12, 1089 
(1964) . 
IgF. W .  Noble and D. Hul l ,  "S t r e s s  Dependence of D i s loca t ion  
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I n s t r o n  machine t o  a c e r t a i n  amount of s t r a i n ,  t h e  crosshead motion i s  
suddenly h a l t e d ,  and t h e  subsequent change i n  t h e  appl ied  s t ress  i s  
recorded cont inuously a s  a func t ion  of t ime (F ig .  6 . 8 ) .  
t e s t  i s  i n t e r r u p t e d ,  t h e  s t ress  r e l axes  because t h e  p l a s t i c  flow con- 
t i n u e s  a s  t h e  d i s l o c a t i o n s  g radua l ly  come t o  r e s t .  Since t h e  t o t a l  
s t r a i n  r a t e  
by an e l a s t i c  s t r a i n  r a t e  E i . e . ,  
When a t e n s i l e  
i s  he ld  t o  zero,  t h e  p l a s t i c  s t r a i n  r a t e  E i s  matched 
P 
e' 
_ - -  1 d o + 0 . 5 b p v  , 
- E d t  
where 
E = t h e  combined e l a . s t i c  modulus of t h e  specimen and t h e  ma,chine, 
0.5 = t h e  o r i e n t a t i o n  f a c t o r  f o r  t e n s i l e  s t r a . i n ,  
b = t h e  Burgers vec to r ,  
p = t h e  mobile d i s l o c a t i o n  dens i ty .  
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I n  bo th  u n i r r a d i a t e d  and i r radiated samples, t h e  s t ress  r e l a x e s  
r a p i d l y  a t  f i r s t .  However, as t h e  r e l a x a t i o n  progresses ,  t h e  r a t e  of 
r e l a x a t i o n  diminishes  gradual ly  and eventua l ly  t h e  s t ress  approaches an  
asymptot ic  va lue .  
d i r e c t l y  p ropor t iona l  t o  t h e  d i s l o c a t i o n  v e l o c i t y ,  v, w e  have i n t e r p r e t e d  
t h i s  asymptotic va lue  t o  be  a th re sho ld  stress,  o 
no macroscopic motion of d i s l o c a t i o n s .  The s t r e s s  e f f e c t i v e  i n  moving 
t h e  d i s l o c a t i o n s  i s ,  t h e r e f o r e ,  t h e  d i f f e r e n c e  between t h e  app l i ed  s t r e s s  
and t h e  t h r e s h o l d  s t r e s s .  It i s  proposed t h a t  t h e  v e l o c i t y  of t h e  dis-  
l o c a t i o n s  should be w r i t t e n  as 
Since t h e  s lope  of t h e  r e l a x a t i o n  curve,  - d5 
d t  ’ i s  
below which t h e r e  i s  t’ 
and t h e  p l a s t i c  s t r a i n  r a t e  should be given as 
where IJ- i s  t h e  mob i l i t y  of t h e  d i s l o c a t i o n s  ( i . e . , t h e  v e l o c i t y  under 
u n i t  e f f e c t i v e  s t ress) .  
The equat ion  governing t h e  stress r e l a x a t i o n  i s  w r i t t e n  as 
(13) 
m L d o + 0 . 5 b  p p  ( 5 - o t )  = O  . E d t  
From Eqs .  (12) and (13), t h e  p l a s t i c  s t r a i n  ra te  i s  r e l a t e d  t o  t h e  
do r e l a x a t i o n  r a t e ,  - d t  ’ and t o  t h e  app l i ed  s t r e s s  i n  t h e  fo l lowing  manner, 
1 do  
0.5 b E dt i /0 .5  b = p  v = -  P 
m 
= P P ( 0  - ot) . (14)  
IQ 
When t h e  logari thm of t h e  p l a s t i c  s t r a i n  r a t e ,  measured from t h e  
r e l axa t ion  r a t e ,  i s  p l o t t e d  aga ins t  t h e  logarithm of t h e  e f f e c t i v e  
s t r e s s ,  CY - CT 
i n t e rcep t  should y i e l d  t h e  value of p p, which i s  a measure of t h e  
mobile d i s l o c a t i o n  dens i ty .  
t h e  value of m can be obtained f r o m t h e  slope and t h e  t' 
I n  Fig.  6.9 we have p l o t t e d  t h e  decay of t h e  p l a s t i c  s t r a i n  r a t e  
a s  a func t ion  of t h e  e f f e c t i v e  s t r e s s  obtained from an Fe-3.2 wt % S i  
sample t h a t  has been given a s t r a i n  of 0.8% p r i o r  t o  s t r e s s  r e l axa t ion  
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Fig .  6.9. P lo t  of t h e  P l a s t i c  S t r a i n  Rate v s  t h e  Effec t ive  S t r e s s  
The s t r a i g h t  l i n e s  repre-  During S t r e s s  Relaxation f o r  Fe-3.2 w t  % S i .  
sen t  t h e  leas t - square  f i t  and t h e  e r r o r s  i nd ica t e  t h e  s tandard devia- 
t i o n  of t h e  s lope .  
The s t a r t  of t h e  s t r e s s  r e l axa t ion  i s  represented by t h e  f i r s t  po in t  
on t h e  upper r i g h t  corner and t h e  subsequent po in t s  a r e  obtained a s  t h e  
s t r e s s  r e l axa t ion  progresses .  It can be seen i n  t h i s  p l o t  t h a t  t h e  
po in t s  l i e  near ly  along two s t r a i g h t  l i n e s  ind ica t ing  t h a t  t h e  p l a s t i c  
deformation i s  c a r r i e d  out by two species  of d i s loca t ions  t h a t  d i f f e r  
i n  t h e  values  of t h e  s t r e s s  dependence of t h e  ve loc i ty ,  m. The dis-  
l oca t ions  whose cont r ibu t ion  t o  t h e  p l a s t i c  s t r a i n  r a t e  i s  predominant 
i n  t h e  e a r l y  s tage  of t h e  r e l a x a t i o n  w i l l  be c a l l e d  t h e  f i r s t  species ,  
while those t h a t  cont r ibu te  most i n  t h e  l a t e r  s tage  w i l l  be c a l l e d  t h e  
second spec ies .  
t h e  l a t t e r  was extended i n t o  t h e  e a r l y  s tage  of t h e  re laxa t ion ,  t h e  
To separa te  out t h e  two species ,  t h e  l i n e  represent ing  
0-  
h 
A 
83 
an t i loga r i thm of t h e  extended p o r t i o n  w a s  sub t r ac t ed  from tha t  of the  
t o t a l  observed s t r a i n  r a t e  and t h e  logar i thm of t h e  d i f f e r e n c e  was 
r e p l o t t e d  aga ins t  t h e  e f f e c t i v e  stress. 
another  s t r a i g h t  l i n e ,  which i s  then  taken  as t h e  c o n t r i b u t i o n  of 
t h e  f i r s t  spec ie s .  
This procedure has  y i e lded  
Figure  6.10 shows a similar p l o t  ob ta ined  from Ferrovac-E i ron ,  
a f t e r  t h e  sample has  been given s t r a i n s  of 0.6 and 10.6%, r e s p e c t i v e l y .  
I n  bo th  s i l i c o n  i r o n  and h igh -pur i ty  i ron ,  each of t h e  s t r e s s  r e l a x a t i o n  
curves can be  separa ted  i n t o  two s t r a i g h t  l i n e s  corresponding t o  t h e  
fo l lowing  va lues  of m, 
m l  = 7.0 ? 0.6 
\ 
m2 = 2.5 k 0.3 
and t h e  va lues  of m ob ta ined  i n  t h i s  way do not va ry  wi th  s t r a i n  w i t h i n  
t h e  experimental  e r r o r s .  The r e p r e s e n t a t i o n  of t h e  r e l a x a t i o n  curves 
6 
-1 
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Fig .  6.10. P l o t  of t h e  P l a s t i c  S t r a i n  Rate vs t h e  E f f e c t i v e  
S t r e s s  f o r  Ferrovac-E I ron  a f t e r  t h e  Sample w a s  S t r a i n e d  t o  0.6 and 
10.6%. 
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by s t r a i g h t  l i n e s  implies t h a t  t h e  d e n s i t i e s  of mobile d i s loca t ions  
remain constant during t h e  r e l axa t ion .  I n  terms of t h e  two species of 
d i s loca t ions ,  t h e  p l a s t i c  s t r a i n  r a t e  i s  wr i t t en  as  
The magnitude of t h e  threshold s t r e s s  v a r i e s  with s t r a i n  a t  which 
t h e  t e n s i l e  t e s t  i s  ha l ted .  In  Fig. 6.11 we have p l o t t e d  t h e  threshold 
s t r e s s  and t h e  flow s t r e s s  a s  a function of s t r a i n .  It i s  shown t h a t  
t h e  threshold  s t r e s s  i s  s i g n i f i c a n t l y  high even a t  t h e  onset of p l a s t i c  
deformation and it increases r ap id ly  a t  s t r a i n s  g rea t e r  than  t h e  Ciders 
s t r a i n .  We have defined t h e  i n i t i a l  value of t h e  threshold s t r e s s  as 
t h e  p l a s t i c  l i m i t ,  o 
have measured a s i m i l a r  quant i ty  i n  LiF by e tch-p i t  techniques. The 
por t ion  of t h e  threshold  s t r e s s  t h a t  increases with s t r a i n  i s  
(Fig.  6.11), a f t e r  Gilman and Johnston16 who 
P 
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Fig. 6.11. P lo t  of t h e  Flow'and Threshold S t r e s s  v s  S t r a i n  f o r  
Ferrovac-E Iron. 
l i m i t ,  0 t h e  i n t e r n a l  s t r e s s ,  o and t h e  e f f e c t i v e  s t r e s s ,  0 
The flow s t r e s s  has been separated i n t o  t h e  p l a s t i c  
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1 7 W .  G. Johnston, “Yield Po in t s  and Delay Times  i n  S ing le  C r y s t a l s , “  
J. Appl. Phys. - 33, 2’716 (1962) .   
i n t e r p r e t e d  as t h e  i n t e r n a l  s t r e s s  f i e l d  a s s o c i a t e d  wi th  work-ha,rdening. 
Johnston17 has  proposed t h a t  i n  work-hardening c r y s t a l s  t h e  v e l o c i t y  of 
d i s l o c a t i o n s  should be  w r i t t e n  as 
0 - o . m  
v = [  , 
where o expressed as i’ 
i s  t h e  i n t e r n a l  s t r e s s  f i e l d  and H i s  t h e  r a t e  of work-hardening. Our 
r e s u l t s  i n d i c a t e  t h a t  o i n  Eq. (16)  should be rep laced  by t h e  t h r e s h o l d  
s t r e s s ,  o and t h e  th re sho ld  s t r e s s  i s  composed of t h e  i n t e r n a l  s t r e s s  
f i e l d ,  o and t h e  p l a s t i c  l i m i t ,  o . We have found t h a t  t h e  th re sho ld  
stress i s  q u i t e  s e n s i t i v e  t o  t h e  t e s t  temperature ,  while t h e  i n t e r n a l  
s t r e s s  f i e l d  i s  expected t o  be  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  t e s t  
temperature .  It i s  f u r t h e r  no t iced  t h a t  t h e  th re sho ld  s t r e s s  depends 
on t h e  g r a i n  s i z e  and t h e  i r r a d i a t i o n  dose,  We, t he re fo re ,  express  t h e  
t h r e s h o l d  stress as fol lows,  
i 
t’ 
i’ P 
o = o (T, d, 0) + o i ( E )  , (18) t P  
where o i s  t h e  p l a s t i c  l i m i t  and Q, i s  t h e  i r r a d i a t i o n  dose.  The 
e f f e c t i v e  s t r e s s ,  on t h e  o the r  hand, i s  p ropor t iona l  t o  t h e  t e s t  speed. 
P 
It can be seen t h a t  t h e  f irst  spec ie s  of d i s l o c a t i o n s  i n i t i a l l y  
c a r r i e s  between 80 t o  90% of t h e  p l a s t i c  s t r a i n  r a t e  and t h a t  t h e s e  
d i s l o c a t i o n s  a r e  t h e  f i r s t  t o  decay out dur ing  t h e  s t r e s s  r e l a x a t i o n .  
This  i s  taken  as evidence t h a t  t h e  f i r s t  spec ie s  of d i s l o c a t i o n s  moves 
86 
f a s t e r  than  the  second spec ies .  
t h a t  t h e  edge d i s loca t ion  segments move a t  a v e l o c i t y  considerably 
g rea t e r  than  t h a t  of t h e  screw segments, we may conclude t h a t  t h e  f i r s t  
species  i s  t h e  edge d i s loca t ion  and the  second species  i s  t h e  screw 
d i s loca t ion .  I n  f a c t ,  when t h e  mobil i ty  da t a  of S t e i n  and b w 1 3  on 
edge d i s loca t ions  i n  s i l i c o n  i r o n  a r e  reexamined so as t o  subt rac t  a 
th reshold  s t r e s s  from t h e  appl ied s t r e s s ,  t h e  value of m i s  found t o  
l i e  c lose  t o  our value of m l .  It i s  expected t h a t  t h e  edge d i s loca t ions  
a r e  apt  t o  t r a v e l  a long d is tance  and reach out t o  t h e  surface under t h e  
inf luence of t h e  appl ied s t r e s s  while t he  screw d i s loca t ions  a r e  l e f t  
behind i n  t h e  c r y s t a l .  This may be t h e  reason why S t e i n  and Low could 
observe only edge d i s loca t ions  i n  t h e i r  e tch-p i t  work and a l so ,  during 
t ransmission e l ec t ron  microscopic examination of deformed i ron,  why 
t h e  d i s loca t ions  observed were mainly of screw type.  
Since t h e  e t ch -p i t  study" has shown 
In  order t o  study t h e  e f f e c t  of e l ec t ron  and neutron i r r a d i a t i o n s  
on t h e  mechanical p rope r t i e s  i n  terms of t h e  d i s loca t ion  dynamics, a 
number of t e n s i l e  samples of Ferrovac-E i r o n  were i r r a d i a t e d  with 2-Mev 
e l ec t rons  t o  doses up t o  8 X 10l8 electrons/cm2 and a l s o  with neutrons 
t o  doses up t o  8 X 1Ol8 neutrons/cm2 ( E  > 3 Mev) . 
i r r a d i a t i o n s  t h e  current  dens i ty  w a s  about 23 pa/cm2, and t h e  i r r a d i -  
a t i o n  temperature ranged from 55 t o  65°C. 
t h e  i r r a d i a t i o n  temperature was about 96°C. 
For t h e  e l ec t ron  
For t h e  neutron i r r a d i a t i o n s  
Figure 6.12 shows a p l o t  of t h e  r e l axa t ion  r a t e  aga ins t  t h e  e f f ec -  
t i v e  s t r e s s  obtained f o r  a sample e l ec t ron  i r r a d i a t e d  t o  a dose of 
4.24 X 10l8 electrons/cm2, along with t h e  curve obtained from an 
un i r r ad ia t ed  sample. Figure 6.13 shows a s imi l a r  p l o t  obtained from 
a sample t h a t  was neutron i r r a d i a t e d  t o  a dose of 
1.28 X 10l8 neutrons/cm2 (E > 3 Mev). 
s t r e s s  r e l axa t ion  curves can again be separated i n t o  two s t r a i g h t  l i n e s  
corresponding t o  t h e  values  of m of 7 and 2.5, i nd ica t ing  t h a t  i r r a d i -  
a t i o n  does not a f f e c t  t h e  s t r e s s  dependence of d i s loca t ion  ve loc i ty .  
In  these  p l o t s ,  each of t h e  
I8S. M. Ohr and D. N. Beshers, "Crystallography of Dislocat ions 
and Dislocat ion Loops i n  Deformed Iron, Ph i l .  Mag. 10, 219 (1964). - 
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Since t h e  edge d i s loca t ions  p l ay  a predominant r o l e  i n  p l a s t i c  
deformation, t h e  p l a s t i c  s t r a i n  r a t e ,  given by Eq. (15), may be 
approximated a s  
7 ‘E = 0.5 b pe i.Ie (0 - ot) 
P 
where t h e  subscr ip t  e r e f e r s  t o  t h e  edge d i s l o c a t i o n  segments. 
rearranging t h e  terms, t h e  y i e l d  o r  flow s t r e s s  can be w r i t t e n  as 
By 
Thus, t h e  y i e l d  o r  flow s t r e s s  CJ would increase  i f  t h e r e  i s  e i t h e r  an 
increase  i n  t h e  th re sho ld  stress, o o r  a decrease i n  t h e  mobile 
d i s l o c a t i o n  densi ty ,  p . We have found upon i r r a d i a t i o n s  by both 
e l ec t rons  and neutrons t h a t  t h e  threshold  stress has  increased substan- 
t i a l l y .  This increase  i n  threghold  s t r e s s  i s  respons ib le  f o r  ‘70 t o  90% 
of t h e  r a d i a t i o n  hardening a s  r e f l e c t e d  by t h e  y i e l d  s t r e s s .  
remainder of t h e  r a d i a t i o n  hardening i s  a t t r i b u t a b l e  t o  a r a d i a t i o n  
produced decrease i n  t h e  mobile d i s l o c a t i o n  dens i ty .  
l o c a t i o n  dens i ty  i n  t h e  i r r a d i a t e d  samples i s  lower than  t h a t  i n  t h e  
un i r r ad ia t ed  samples by a s  much a s  2 orders  of  magnitude, which ind i -  
c a t e s  t h a t  t h e  generat ion and mul t ip l i ca t ion  of d i s l o c a t i o n s  are 
suppressed by i r r a d i a t i o n .  However, t h e  v a r i a t i o n  i n  t h e  y i e l d  stress 
i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  changes i n  t h e  mobile dens i ty  due t o  
t h e  presence of t h e  one-seventh power, a s  can be seen i n  Eq. ( 20 ) .  
t’ 
e 
The 
The mobile d i s -  
It i s  concluded, t he re fo re ,  t h a t  r a d i a t i o n  hardening may be  
a t t r i b u t e d  t o  two e f f e c t s ,  The major e f f e c t  i s  t h e  increase  i n  t h e  
threshold  stress, t h a t  i s ,  t h e  increased dynamical r e s i s t a n c e  of t h e  
l a t t i c e  t o  d i s loca t ion  motion. The reduct ion  of mobile d i s l o c a t i o n  
dens i ty  makes a f u r t h e r  s m a l l  con t r ibu t ion  t o  t h e  hardening. 
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Tens i le  Tests  on I r r a d i a t e d  Iron 
N.  E. Hinkle N.  K .  Smith 
Since most i r r a d i a t i o n  e f f e c t s  s tud ie s  on pressure  v e s s e l  s t e e l s  
a r e  conducted i n  neutron f l u x  environments considerably i n  excess of 
t h e  f l u x  a t  t h e  pressure  v e s s e l  wal l  of operat ing power r eac to r s ,  it 
i s  necessary t o  determine whether t h i s  var iance of neutron f l u x  ( o r  
dose r a t e )  has an e f f e c t  on the  mechanical proper ty  changes observed 
a t  t h e  same in t eg ra t ed  neutron dose. 
have repor ted  t h a t  t h e r e  i s  no dose-rate  e f f e c t  on t h e  room temperature 
t e n s i l e  s t r eng th  of EN-2 mild s t e e l  i r r a d i a t e d  from 100 t o  350°C with 
f i s s i o n  neutron f luxes  of 3 t o  300 x 10l1 neutrons see-' a t  a 
neutron dose of about 2 .2  X 1017 neutrons/cm2. 
exposure time i n  Harr ies '  experiments was about 200 h r ,  it w a s  f e l t  
t h a t  longer term i r r a d i a t i o n s  a t  higher i n t eg ra t ed  doses may be needed 
t o  de t ec t  a dose-rate  e f f e c t .  Therefore, a s e r i e s  of experiments 
designed t o  inves t iga t e  t h e  e f f e c t  of neutron-dose r a t e  on t h e  t e n s i l e  
p r o p e r t i e s  of i r r a d i a t e d  Ferrovac-E i ron  was i n i t i a t e d .  2 o  
i ron  was chosen in s t ead  of s t e e l  because a s  a single-phase ma te r i a l  it 
i s  e a s i e r  t o  con t ro l  i t s  s t r u c t u r e .  The s t a r t i n g  stock w a s  suppl ied by 
t h e  Crucible S t e e l  Company with t h e  following chemical analyses:  
Harr ies ,  Barton, and Wright'' 
Since t h e  longest  
Ferrovac-E 
- .---- 
Element 
Nickel 
Chromium 
Molybdenum 
Cobalt 
Sul fur  
S i l i c o n  
Phosphorus 
0.035 
0.01 
0.01 
0.007 
0.007 
0.006 
0.005 
I'D. R .  Harr ies ,  P. J. Barton, and S. B. Wright, "Effects  of 
Neutron Spectrum and Dose Rate on Radiat ion Hardening and Ehnbrittlement 
i n  S t e e l s , "  J. B r i t .  Nucl. Energy SOC. 2, 398 (1963). 
Program Quart. Progr.  Rept. Mach 31, 1965, ORNL-TM-1100, p. 65. 
- 
2oN.  E. Hinkle and N. K .  Smith, Fuels and Mater ia ls  Development 
Element 
Copper 
Vanadium 
Manganese 
Oxygen 
Carbon 
Nitrogen 
Hydrogen 
0.005 
0.004 
0.001 
0.0065 
0.004 
0,001 
0.0003 
The mater ia l  was vacuum-annealed f o r  2 h r  a t  885°C and furnace cooled. 
The r e s u l t i n g  gra in  s i z e  was 130 v. 
Six  experiment assemblies, previously described, 2 o  were b u i l t  f o r  
i r r a d i a t i o n  i n  the  poolside f a c i l i t y  of t h e  OFB a t  varying distances 
f r o m  t h e  face of t he  r eac to r .  I r r a d i a t i o n  of four  of t h e  assemblies 
has been completed and t e s t i n g  of t h e  samples has begun. Two of t h e  
assemblies a re  s t i l l  being i r r a d i a t e d .  Five of t h e  assemblies w i l l  
receive a dose of about 2 X 10l8 neutrons/cm2 ( E  > 2.9 Mev as determined 
by n icke l  a c t i v a t i o n )  a t  dose r a t e s  of 7 t o  1000 X l o l o  neutrons 
The neutron f l u x  i s  shown i n  Fig.  6.14 as.  a function of d i s tance  from t h e  
face of t h e  r eac to r  tank f o r  a pos i t i on  about 3 i n .  below t h e  r eac to r  
ho r i zon ta l  midplane. The n icke l  monitors were shielded i n  40 m i l s  of 
cadmium and the re fo re  no cor rec t ion  f o r  58C0 burnup w a s  required.  
f a s t  f l u x  f o r  a 2.5-day i r r a d i a t i o n  period i s  seen t o  decrease by a 
f a c t o r  of 10 / f t  from t h e  r eac to r  face  (open symbols, Fig. 6 .14) .  
f l u x  as a func t ion  of v e r t i c a l  d i s tance  above and below t h e  hor izonta l  
midplane i s  shown i n  Fig. 6.15 f o r  s i x  separate d is tances  from t h e  face 
of t h e  r eac to r .  The i r r a d i a t i o n  assemblies were b u i l t  and loca ted  a t  
t h e  r eac to r  i n  a manner designed t o  maintain t h e  maximum void space 
between any sample pos i t i on  and t h e  reac tor  tank, t hus  minimizing 
moderation of t h e  neutron f lux .  It i s  believed t h a t  t h i s  geometry 
should y i e l d  a nearly constant spectrum f o r  t h e  various i r r a d i a t i o n  
pos i t i ons .  
s ec - l  
The 
The 
The nominal i r r a d i a t i o n  temperature f o r  t hese  experiments w a s  
chosen as 94°C (200°F). However, due t o  uncontrollable f a c t o r s ,  some 
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samples were i r r a d i a t e d  a t  temperatures as low as 70°C or as high a s  
105°C. 
a t i o n  temperatures,  t h e  y i e l d  s t r e s s  values  a r e  wi th in  t h e  normal s c a t t e r  
due t o  material variables, primarily grain s ize .  
Preliminary t e s t i n g  ind ica t e s  t h a t  wi th in  t h a t  range of i r r a d i -  
The p o s t i r r a d i a t i o n  t e s t i n g  of t h e  Ferrovac-E i r o n  has  taken two 
approaches: (1) r o u t i n e  t e n s i l e  t e s t s  and (2)  s t r e s s  r e l axa t ion  t e s t s  
by t h e  method of Ohr. 21 
t e s t s  on i r r a d i a t e d  samples a r e  discussed i n  t h e  previous sec t ion  on 
d i s l o c a t i o n  dynamics i n  i ron .  
The f i r s t  r e s u l t s  of t h e  s t r e s s  r e l axa t ion  
The t e n s i l e  t e s t s  a r e  performed on an i n - c e l l  In s t ron  frame and 
crosshead wi th  a remote console.  Measurements of t h e  sample elongat ion 
a r e  made with a remote extensometer developed by R.  G. Berggren and 
J. C. Wilson2* and r ecen t ly  modified23 t o  incorporate  a d i r ec t - cu r ren t  
vo l tage  l i n e a r  v a r i a b l e  d i f f e r e n t i a l  transformer i n  p lace  of t h e  
a l t e rna t ing -cu r ren t  vol tage LVDT formerly used. Tensi le  da t a  a r e  being 
obtained a t  a v a r i e t y  of s t r a i n  r a t e s ,  but  t h e  bulk of the data w i l l  be 
obtained a t  a s t r a i n  r a t e  of 0.02 min-l. 
The genera l  e f f e c t  of neutron i r r a d i a t i o n  i s  t o  increase  t h e  lower 
y i e l d  s t r e s s ,  decrease t h e  r a t e  of work hardening, and decrease the  
uniform elongat ion.  This i s  shown i n  Fig.  6.16 by t h e  t r u e  s t r e s s - t rue  
s t r a i n  curves f o r  one con t ro l  and two i r r a d i a t e d  samples ( d i f f e r e n t  
doses)  of coarse g ra in  Ferrovac-E i r o n  a t  each of t h r e e  s t r a i n  r a t e s .  
It w a s  previously reported2 '  t h a t  a p l o t  of l og  y i e l d  s t r e s s  v s  log  
C ~ d e r s  s t r a i n  f o r  un i r r ad ia t ed  Ferrovac-E i r o n  ind ica t e s  a good f i t  t o  
t h e  expression 
n 
(3 = E L .  LY 
21S. M. Ohr, "A Study of Radiation Hardening i n  I ron  by S t r e s s  
Relaxat ion Techniques, t h i s  chapter .  
22R. G. Berggren and J. C.  Wilson, "A Remotely Operated Extensometer," 
23R.  G. Berggren, W .  J. Stelzman, and T. N .  Jones, Fuels and Mate- 
ASTM Bull. 210, 35 (December 1955).  
r i a l s  Development Program Quart. Progr.  Rept. March 31, 1963, 
ORNL-TM-1100, p .  86. 
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However, f o r  i r r a d i a t e d  samples it i s  seen i n  F ig .  6.16 t h a t  t h e  y i e l d  
s t r e s s  i nc reases  upon i r r a d i a t i o n  without any s i g n i f i c a n t  increa.se  
i n  t h e  Ciders  s t r a i n .  
We have mentioned t h a t  a primary ob jec t ive  of t h i s  s tudy  i s  t o  
determine whether r a d i a t i o n  hardening o r  embrit t lement i s  a f f e c t e d  by 
t h e  dose r a t e .  
an i n t e g r a t e d  dose of about 1 .5  X loL8 neutrons/cm2 i s  shown i n  
F ig .  6.17. 
the lower yield stress, there  appears to be no e f f e c t  of dose r a t e  f o r  
the  f l u x  range of 4 t o  70 X neutrons em‘* see-’ (E  > 2.9 Mev). 
Future  i n v e s t i g a t i o n  of t h e  dose- ra te  e f f e c t  i n  t h i s  s e r i e s  of exper i -  
ments w i l l  inc lude  samples from lower f l u x e s  and p o s t i r r a d i a t i o n  damage 
recovery s t u d i e s  of t h e  lower y ie ld  stress.  
The e f f e c t  of dose r a t e  on t h e  lower y i e l d  s t r e s s  a t  
It i s  seen t h a t  a l though t h e r e  i s  a t h r e e f o l d  inc rease  i n  
It has  long been suspected t h a t  an  in t e rconnec t ion  e x i s t s  between 
t h e  s t r a i n - r a t e  dependence of y i e l d  and flow s t r e s s e s  i n  t h e  body- 
centered  cubic  metals  and t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  phenomenon 
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exh ib i t ed  by t h e s e  metals. 
analyzed i n  terms of t h e  ~ a r a m e t e r ~ ~ ~ ~ ~  
The s t r a i n  r a t e  dependence i s  sometimes 
d I n  2 
d I n  CT 
m'  
and, t h e r e f o r e ,  i n  F ig .  6 .1% we have p l o t t e d  l o g  lower y i e l d  s t r e s s ,  
5 vs  l o g  s t r a i n  ra te ,  $, f o r  our u n i r r a d i a t e d  Ferrovac-E i r o n .  The 
va lues  of m' f o r  va r ious  segments of t h e  curve a r e  ind ica t ed .  It i s  
seen t h a t  t h e  logar i thmic  s t r a i n  r a t e  s e n s i t i v i t y  inc reases  (m '  dec reases )  
LY' 
~~ - 
24W. G. Johnston and D. F. S t e in ,  "S t r e s s  Dependence of' D i s loca t ion  
25G.  T. Hahn, "A Model For Yield ing  With S p e c i a l  Reference t o  t h e  
Ve loc i ty  I n f e r r e d  From S t r a i n  Rate S e n s i t i v i t y , "  Acta M e t .  - 11, 317 (1963).  
Yield Poin t  Phenomena of I ron  and Related BCC Metals ,"  Acta Met. - 10, 727 
(1962) .  
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Fig. 6.18. Log Lower Yie ld  S t r e s s  vs Log S t r a i n  Rate for Unir rad i -  
a t e d  Ferrovac-E I ron .  Grain s i z e :  130-p diameter ;  t e s t  temperature:  
23-30°C. 
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with increasing s t r a i n  r a t e .  Furthermore, t h e  lower y i e l d  s t r e s s  
appears t o  approach asymptot ical ly  a lower l i m i t  with decreasing s t r a i n  
r a t e .  
seems reasonable t o  a s soc ia t e  t h i s  asymtotic value with the  threshold  
s t r e s s  determined from s t r e s s  r e l axa t ion  experiments. To t e s t  t h i s  
idea,  t h e  y i e l d  s t r e s s  was determined a s  a func t ion  of s t r a i n  r a t e  f o r  
samples having g ra in  diameters of 17, 60, and 130 p. These samples 
were a l s o  given a s t r e s s  r e l axa t ion  t rea tment21  following s t r a i n i n g  a t  
var ious s t r a i n  r a t e s  and t h e  threshold  s t r e s s  w a s  determined. The 
r e s u l t s  a r e  shown i n  Fig.  6.19, where it i s  seen t h a t  t h e  threshold  
s t r e s s  i s  independent of t h e  s t r a i n  r a t e  p r i o r  t o  t h e  s t r e s s  r e l axa t ion  
run. Also, it i s  noted t h a t  i n  t h e  l i m i t  a s  t h e  s t r a i n  r a t e  approaches 
Now, i n  view of t h e  d iscuss ion  i n  t h e  previous sect ion,21 it 
30 
25 
- - 
20 5 
zero, the yield stress approaches the threshold stress for all three 
gra in  s i z e s .  
ORNL-DWG 65-8313 
STRAIN RATE (min- ' )  
5X40-5 ~ x { o - ~  ~ x { o - ~  2X40-2 2XIO-' 2X1O0 
4.6 
4.5 
4.4 
I .- 
v) 
Q 
v 
4.3 
W 
[L 
c v)
0 
o, 4.2 
- 
4.4 
4.0 
3.9 
' I  ' I '  1 '  
FERROVAC-E IRON 
V GRAIN DIAMETER.17p 
A A , &  GRAIN D IAMETER.6Ou 
0 - 0  GRAIN DIAMETER,430p 
n OPEN SYMBOLS-LOWER - - 0- 
CLOSED SYMBOLS - 
THRESHOLD STRESS 
- 4  -3 -2  -1 0 
log STRAIN RATE (mi"- ')  
Fig.  6.19. Log Lower Yield S t r e s s  and Log Threshold S t r e s s  as a 
Function of Log S t r a i n  Rate f o r  Ferrovac-E I ron  of Three Grain S izes .  
Test temperature:  24°C. 
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It i s  of i n t e r e s t  to analyze the gra in  size dependence of the 
y i e l d  and th re sho ld  s t r e s s e s .  
according t o  t h e  Petch r e l a t i o n 2 6  
I n  Fig.  6.20 these s t r e s s e s  a r e  p l o t t e d  
Within t h e  range of g r a i n  s i z e s  used, t h e  y i e l d  and t h r e s h o l d  s t r e s s e s  
appear t o  obey t h i s  r e l a t i o n .  
and K are  observed t o  inc rease  with inc reas ing  s t r a i n  ra te .  
Furthermore, f o r  t h e  y i e l d  stress,  oi 
Y 
26N. J. Petch, “The Cleavage St rength  of P o l y c r y s t a l s , ”  J. I r o n  
and S t e e l  I n s t .  (London) - 174, 25 (1953). 
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P l a s t i c  Deformation i n  Niobium Single Crys ta l s27  
R .  E. Reed M. S. Wechsler 
I n  recent years,  t h e r e  has been an increas ing  i n t e r e s t  i n  p l a s t i c  
deformation i n  t h e  r e f r ac to ry  body-centered cubic metals. The i n t e r e s t  
stems i n  p a r t  from a d e s i r e  t o  b e t t e r  understand t h e  l a rge  temperature 
and s t r a i n  r a t e  dependence of flow i n  t h e  body-centered cubic metals 
as compared t o  t h e  face-centered cubic metals, and t o  determine whether 
t h e  temperature and s t r a i n  r a t e  dependence has a bearing on t h e  l o w -  
temperature b r i t t l e n e s s  of body-centered cubic metals. Since t h e  e f f e c t  
of r a d i a t i o n  on t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  phenomenon i s  being 
inves t iga ted  i n  t h e  Radiation Metallurgy Section of t h e  So l id  S t a t e  
Division a t  ORNL, we have undertaken a study of t h e  r a d i a t i o n  e f f e c t s  
on flow and f r a c t u r e  i n  niobium. 
L i t t l e  information has been reported on t h e  e f f e c t  of r a d i a t i o n  on 
p l a s t i c  deformation i n  niobium, e spec ia l ly  f o r  s ing le -c rys t a l  samples. 
Makin and Minter28 have observed an increase i n  t h e  y i e l d  s t r e s s  of 
po lyc rys t a l l i ne  niobium by a f a c t o r  of almost 2 upon neutron i r r a d i -  
a t i o n  t o  lo2' neutrons/cm2 ( E  > 0.6 Mev) a t  16°C. 
annealing above 1OO"C, they  noted a fu r the r  increase  i n  y i e l d  s t r e s s ,  
which p e r s i s t e d  up t o  about 400°C where recovery began toward t h e  pre- 
i r r a d i a t i o n  value.  The y i e l d  s t r e s s  a t  room temperature f o r  a gra in  
s i z e  of 0.013 mm was about 42 kg/mm*, which, i n  view of t h e  r e s u l t s  of 
To t t l e ,29  suggests an oxygen content of about 1600 ppm. 
and Van Thyne3 ' a l s o  inves t iga ted  neut ron- i r rad ia t ion  hardening i n  
Upon p o s t i r r a d i a t i o n  
Evans, Weinberg, 
27The prepara t ion  and charac te r iza t ion  of samples were performed 
28M. J. Makin and F. J. Minter, "The Mechanical Proper t ies  of 
29C. R.  Tot t le ,  "The Physical and Mechanical Proper t ies  of Niobium," 
30P. R .  V .  Evans, A. F. Weinberg, and R .  J. Van Thyne, " I r r ad ia t ion  
under t h e  Research Materials Program. 
I r r ad ia t ed  Niobium, Acta Met. - 7, 361 (1959). 
J. I n s t .  Metals - 85, 375 (1956-57). 
Hardening i n  Columbium, If  Acta Met. - 11, 143 (1963). 
- 
- 
- 
p o l y c r y s t a l l i n e  niobium of t h r e e  g ra in  s i z e s  containing about 190 ppm 0. 
They analyzed t h e i r  r e s u l t s  i n  terms of t h e  Petch equation 
a = o + K d-1/2 , 
YS i y 
where d i s  t h e  gra in  diameter and oYs t h e  y i e l d  s t r e s s ,  and they con- 
cluded t e n t a t i v e l y  t h a t  t h e  increase  i n  o was due c h i e f l y  t o  an 
increase  i n  o P l a s t i c  deformation i n  s i n g l e - c r y s t a l  niobium has been 
s tudied  by Mitchell ,  Foxall ,  and Hirsch31 and by V ~ t a v a ~ ~  but  not a s  a 
func t ion  of i r r a d i a t i o n ,  
YS 
i' 
I n  t h i s  inves t iga t ion ,  t h e  s t a r t i n g  stock was obtained from t h e  
Wah Chang Corporation. The manufacturer 's  ana lys i s  i s  given i n  Table 6.2, 
along with analyses  obtained a t  our labora tory  by t h e  methods ind ica ted .  
The major s u b s t i t u t i o n a l  impur i t ies  were tantalum and tungsten.  The 
niobium stock was given a ver t ica l -zone ,  electron-beam r e f i n i n g  t r e a t -  
ment a t  a zone speed of about 4 i n . / h r  a t  a pressure  of 
5 t o  15 X t o r r .  A s  a measure of t h e  o v e r a l l  impurity content,  t h e  
r a t i o  between r e s i s t i v i t i e s  a t  room temperature and l i q u i d  hydrogen 
temperature was measured a s  a funct ion of d i s tance  along t h e  zoned rod 
and number of zone passes .  The r e s u l t s ,  shown i n  Fig.  6.21, i nd ica t e  
an increase  i n  the  r e s i s t i v i t y  r a t i o  from 28 t o  190 upon twelve zone 
passes .  Our analyses ind ica t e  t h a t ,  while t h e  concentrat ions of 
i n t e r s t i t i a l  impur i t i e s  a r e  lowered by t h e  zone r e f i n i n g ,  t h e  tantalum 
and tungsten contents  a r e  unaffected.  
For t h e  t e n s i l e  t e s t s ,  s i n g l e  c r y s t a l s  of s ingle-pass  niobium were 
grown i n  t h e  zone r e f i n e r .  The samples were seeded so a s  t o  produce 
a l l  samples i n  a s ing le  o r i e n t a t i o n  near t h e  center  of t h e  s tereographic  
31T. E. -Mitchel l ,  R .  A. Foxall ,  and P. B. Hirsch, "Work Hardening 
32E. Votava, "Eine Neue Methode zur Herstel lung verformungsfreier 
i n  Niobium Single  Crys ta l s ,  'I  Phi l .  &g. - 8, 1895 (1963). 
Einkristall-Zugproben hochschmeltzender Metalle und e in ige  Ergebnisse 
Cber d i e  p l a s t i s c h e  Deformation von Niob-Einkristallen,  " Phys. S t a t .  
Sol.  5 ,  421 (1964). 
- 
- -  - 
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Table 6.2. Coqosition of Starting Materiala 
Wah Chang Ingot ORNL' Analysis of 0.190-in.-diam 
TOP Bottom Leco Vacuum Mass Neutron 
Analysis, ppm Cold-Swaged Rod, Vacuum Annealed, ppm 
Combustion Fusion Spectrometer Activity 
Element 
Carbon 
Oxygen 
Nitrogen 
Hydrogen 
Aluminum 
Boron 
Cadmium 
Cobalt 
Chromium 
Copper 
Iron 
Hafnium 
Magnesium 
Manganese 
Molybdenum 
Nickel 
Lead 
Silicon 
Tin 
Tantalum 
Titanium 
Vanadium 
Tungs t en 
Zirconium 
30 
110 
35 
4.4 
<20 
<1 
6 
<lo 
<20 
<40 
<50 
<80 
<2 0 
<20 
<20 
<2 0 
<20 
<5 0 
<lo 
<500 
<40 
<20 
245 
<loo 
50 
60 
55 
4.1 
<20 
<1 
<5 
<lo 
<20 
<40 
<50 
<80 
<20 
<20 
<20 
<20 
<20 
<50 
<lo 
<500 
<40 
<20 
280 
<loo 
20 
48 
42 
3 
15 
0.1 
<2 
1 
3 
30 
10 
15 
5 
<1 
3 
5 
<lo 
30 
<5 
395 
30 
<1 
282 
140 
%ah Chang Niobium Ingot No. 31831. 
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DISTANCE FROM START OF ZONE (cm) 
Fig .  6 .21.  R e s i s t i v i t y  Rat io  Along a Niobium S ing le -Crys t a l  
Rod as a Funct ion of t h e  Number of F loa t ing  Zone Passes .  Source: Wah 
Chang Corp.; zone speed: 3.8 i n . / h r ;  diameter :  0.475 cm (nominal).  
t r i a n g l e  where t h e  Schmid f a c t o r ,  cos  A. cos  @ 0 (Ao and cb 0 a r e  t h e  
i n i t i a l  angles  between t h e  t e n s i l e  a x i s  and t h e  s l i p  d i r e c t i o n  and s l i p  
p lane  normal, r e s p e c t i v e l y ) ,  has i t s  maximum value  of one-half  
( s e e  F ig .  6 . 2 2 ) .  
s e c t i o n  0.75 i n .  long and 0.085 i n .  i n  diameter with a t a p e r  of  l ess  
than  0.0002 i n .  Af te r  t h e  gr inding ,  20 m i l s  were removed by chemical 
polishing, which was s u f f i c i e n t  t o  e l imina te  all s i g n s  o f  cold work 
i n  t h e  Laue back- re f l ec t ion  p a t t e r n s .  Furthermore, t h e  uni formi ty  
of o r i e n t a t i o n  was checked by t r a v e r s i n g  t h e  sample a x i a l l y  i n  t h e  
x- ray  beam and no l ack  of  un i formi ty  could be de t ec t ed  i n  t h e  Laue 
p a t t e r n s .  
The zoned rod w a s  c e n t e r l e s s  ground t o  produce a gage 
It i s  known t h a t  l a t t i c e  r o t a t i o n  must occur i n  s i n g l e  c r y s t a l s  
dur ing  t e n s i l e  deformation, if t h e  alignment of t h e  samples i s  t o  be  
maintained i n  the  t e n s i l e  machine ( see ,  f o r  example, F i g s .  5.12 and 
5.13 of R e f .  33). I n  p r i n c i p l e ,  t h e  amount of r o t a t i o n  i s  given 
33B. Cha.lmers, Phys ica l  Meta.llurgy, John Wiley & Sons, New York, 1959. 
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011 
111 
SLIP DIRECTION 
Fig.  6.22. Rota t ion  of Tens i le  Axis as a Function of Deformation 
f o r  a Niobium S ing le  Crys t a l .  
by 
A h = A - A  
0 
where 3 4  
s i n  I\ 
- s i n  A 
Q 0 - -  
QO 
, 
and by 
cos @ 
0 
( 2 4 )  
3 4 E .  Schmid and W. Boas, P l a s t i c i t y  of  C r y s t a l s ,  F. A .  Hughes and 
Company, London, 1950. 
.xu 
0 
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where Q i s  t h e  ga.ge l eng th  during deformakion, A and Q a r e  angles  
between t h e  t e n s i l e  a x i s  and t h e  s l i p  d i r e c t i o n  a.nd s l i p  p lane  norma,l, 
r e s p e c t i v e l y ,  and t h e  subsc r ip t  zero i n d i c a t e s  t h e  qua .n t i t i e s  i n  t h e  
i n i t i a l  cond i t ion  before  ex tens ion .  Figure 6.22 shows a. comparison of 
t h e  o r i e n t a , t i o n  o f  t h e  t e n s i l e  a x i s  as c a l c d a t e d  us ing  Eqs. (23 )  and ( 2 4 )  
a.nd a s  a.ctua1ly mea.sured by ba .ck- ref lec t ion  x-ray p a t t e r n s  as a func t ion  
of t e n s i l e  s t r a . i n  i n  5 o r  lC$ increments .  
s i n g l e  s l i p  on t h e  prima.ry system, (iOl)[lll], i n  which ca.se t h e  o r i en -  
t a t i o n  of  t h e  t e n s i l e  a.xis r o t a t e s  toward [111] along a g r e a t  c i r c l e  
conta . ining t h e  o r i g i n a l  o r i en ta . t i on .  It i s  seen i n  F ig .  6.22 tha. t  t h e  
observed or ienta- t ion sta.ys on t h i s  grea.t c i r c l e  u n t i l  t h e  t e n s i l e  s t r a i n ,  
E = [(Q - a o ) / a o ] ,  rea.ches about 0.4. 
t e n s i l e  a x i s  o r i e n t a t i o n s  (open c i r c l e s )  begin t o  depa.rt from t h e  ca.1- 
cula . ted o r i e n t a t i o n s  ( f i l l e d  c i r c l e s ) ,  i n d i c a t i n g  t h e  onse t  of  seconda.ry 
s l i p  on t h e  system (101) [ill]. 
a . f t e r  a. r o t a r t i o n  of' about 15" .  Now, when t h e  t e n s i l e  a x i s  has  rea.ched 
t h e  h o r i z o n t a l  001-011 symmetry l i n e ,  t h e  reso lved  shea.r s t ress  on t h e  
seconda.ry system i s  equal  t o  t h a t  on t h e  prima.ry one. 
t e n s i l e  a x i s  extends so fa . r  i n t o  t h e  001-011-111 stere0gra.phi.c t r i a n g l e  
be fo re  seconda.ry s l i p  starts, corresponding t o  overshoot ing of  about 8" 
(from Ah E 7" to Ah E 15"), i n d i c a t e s  cons iderable  l a t e n t  hardening on 
t h e  secondary system. I n  f a c t ,  one ca.n ca . lcu la te  from F ig .  6.22 t h a t  
t h e  seconda.ry s l i p  system, (lOl)[ill], does not  begin t o  opera, te  u n t i l  
t h e  reso lved  shear  stress on it i s  a.bout 13% grea , te r  t han  on t h e  pr imary 
system (ioi) [111]. 
The ca l cu la , t i ons  r e f e r  t o  
A t  t h i s  p o i n t ,  the  observed 
We note  a l s o  t h a t  t h i s  p o i n t  i s  reached 
The fa .c t  t ha , t  t h e  
Observa,tions have a l s o  been made of t h e  s l i p  l i n e s  on t h e  surfa.ce 
of  a , p o l i s h e d  s i n g l e  c r y s t a l  o f  niobium a s  a func t ion  of t e n s i l e  
deforma,tion. 
ex tens ion  on two su r faces  90" a p a r t .  The actua.1 c r o s s  s e c t i o n  o f  t h e  
sample wa.s c i r c u l a r ,  a l though t h e  ske tches  i n  Figs. 6.22 and 6.23 show 
a. square c r o s s  s e c t i o n  i n  o rde r  t o  b e t t e r  i l l u s t r a t e  t h e  s l i p  geometry. 
The o r i e n t a t i o n  o f  t h e  sample was such t h a t  t h e  p r o j e c t i o n  of  t h e  t en -  
s i l e  a x i s  on t h e  s l i p  plane was i n  t h e  s l i p  d i r e c t i o n .  A s  i s  indica. ted 
i n  t h e  f i g u r e s ,  t h e  i n i t i a l l y  c i r c u l a r  c r o s s  s e c t i o n  becomes e l l i p t i c a . 1 ,  
F igures  6.23 and 6.24 show t h e  s l i p  l i n e s  a . f t e r  65% 
104 
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Fig. 6.23. S l i p  Lines in Single-Crystal Niobium after 65% 
Extension. Edge dislocation surface. 
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Fig. 6.24.  S l i p  Lines in Single-Crystal Niobium after 65% 
Extension. Screw dislocation surface. 
106 
4 
with the  major ax i s  of t h e  e l l i p s e  ( d i r e c t i o n  A )  perpendicula,r t o  t he  
s l i p  d i r ec t ion .  The surfa.ce shown i n  Fig.  6 .23 i s  viewed a.long the  
A 
A d i r ec t ion ;  t h e  surfa,ce i s  qu i te  rounded i n  a.ccordaace with the  sketch. 
The prima.ry s l i p  l i n e s  a.long 111-11 i n  F ig .  6.23 a.re proba,bly due t o  t h e  
motion of edge dis loca, t ions of Burgers vector  [lll] which a.re a.ligned 
along [121] and the re fo re  emerge from the  surfa.ce shown. These s l i p  
l i n e s  a.re qu i t e  s t ra . igh t .  We note t h a t  t he  a,ngle between the  t e n s i l e  
axis and [ i l l ]  i n  Fig.  6.23 i s  about 25". Since the  or igina.1 angle 
was about 45' ,  t h i s  represents  a. ro ta r t ion  of Ah = 20" f o r  an extension 
of 65%, which a.grees with t h e  rota . t ion shown i n  Fig.  6.22. 
da.ry s l i p  l i n e s  a r e  a l s o  apparent i n  t h e  photomicrograph of Fig.  6.23. 
The secondary s l i p  plane,  (101), i n t e r s e c t s  t h e  (121) pla,ne a,long t h e  
[Toll d i rec t ion .  
should be perpendicu1a.r t o  t h e  prima,ry s l i p  l i n e s  (a long [lll]), which 
i s  seen t o  be approxima.tely t h e  case i n  Fig.  6.23. F ina l ly ,  t he  s l i p  
l i n e s  i n  Fig.  6.23 a r e  s p e e d  qu i t e  uniformly, which indica. tes  uniform 
deformation and the re fo re  uniform l a , t t i c e  r o t a t i o n  a.s a func t ion  of 
d i s tance  along t h e  ax i s  of t he  sample. This wa.s v e r i f i e d  by t ra .vers ing  
t h e  sample a x i a l l y  i n  t h e  x-ray beam while a ba,ck-ref lect ion Laue was 
being taken. The r e s u l t i n g  Laue spots  were s t i l l  f a . i r l y  sharp.  
- -  
Some secon- 
- -  
Therefore,  t h e  secondary s l i p  l i n e s  (a.long [Toll ) 
a 
For the  surfa.ce viewed i n  t h e  perpendicular d i r e c t i o n  B, Fig.  6.24 
shows t h e  wa.vy s l i p  l i n e s  cha , r ac t e r i s t i c  of  t h e  c ros s  s l i p  of screw 
d i s loca t ion  which a,re a.ligned amlong [ l l l ] .  The l i n e s  a r e  roughly ho r i -  
zonta l  i nd ica t ive  of t h e  genera.1 motion of screw d is loca , t ions  i n  t h e  
[121] d i r ec t ion .  
c ros s  sec t ion  e l l i p s e ,  t he  surfa.ce viewed i n  the  B d i r e c t i o n  wars much 
f l a r t t e r  than  the  one viewed a.long t h e  A d i r e c t i o n .  
- -  -5 
Since t h e  B d i r e c t i o n  wa,s d o n g  the  minor a x i s  of t he  
2 
2 
For our f i r s t  rea.ctor i r r a .d i a t ion  of t he  niobium samples, we used 
t h e  Pos i t ion  Five Fa . c i l i t y  (PFF) i n  the  Bulk Shielding Rea.ctor (BSR). 
The PFF i s  a. new f a . c i l i t y  a,nd i s  described below. Fourteen s ingle-  
c r y s t a l  t e n s i l e  samples, a.11 i n  t h e  o r i e n t a t i o n  shown i n  Fig.  6.22, 
were i r ra .dia , ted in s ide  20-mil-thick ca.dmiwn wrappers t o  a. dose of 
3 .9  x neutrons/cm2 (E > l Mev). A dummy sample, a l so  enca.sed i n  
I 
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cadmium, was included i n  t h e  i r r a d i a t i o n  assembly and thermocouples 
were spot-welded t o  it at t h e  upper and lower shoulders  and a t  t h e  
c e n t e r  o f  t h e  gage l eng th .  The i r r a d i a t i o n  temperature  was recorded 
cont inuous ly  and gave a value of (135 * 5)"C. Thermal and f a s t  neutron 
d e t e c t o r s  were a l s o  encased i n  cadmium wrappers and included i n  t h e  as- 
sembly. The neutron dosimetry r e su l t s  a r e  descr ibed  below i n  t h e  s e c t i o n  
dea l ing  with t h e  BSR-PFF, b u t  we mention here  t h a t  t h e  spectrum was 
found t o  adhere q u i t e  c l o s e l y  t o  a f i s s i o n  spectrum and a t  a BSR power 
l e v e l  o f  1 Mw t h e  flux of  neutrons i n  t h e  e n t i r e  spectrum was 
3 x 1OI2 neutrons cm-2 s e c - l .  Af te r  i r r a d i a t i o n ,  t h e  cadmium wrappers 
were removed i n  t h e  ho t  c e l l s  and t h e  r a d i o a c t i v i t y  of  t h e  samples w a s  
found t o  be low enough t o  permit t e s t i n g  i n  t h e  l abora to ry .  
A t  t h i s  wr i t i ng ,  two of t h e  i r r a d i a t e d  t e n s i l e  samples have been 
t e s t e d .  The f i r s t  of t h e s e  was p u l l e d  i n  t e n s i o n  t o  f r a c t u r e  a t  room 
temperature  a t  a crosshead speed of 0.02 cm/min. 
curves  f o r  t h e  i r r a d i a t e d  sample and a corresponding c o n t r o l  sample a r e  
given i n  F ig .  6 .25.  Two types  of s t r e s s - s t r a i n  curves  a r e  p l o t t e d .  
The s t r e s s - s t r a i n  
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The f i r s t  gives  t h e  nominal t e n s i l e  s t r e s s ,  B, vs t e n s i l e  s t r a i n ,  E ,  
where 
where L i s  t h e  appl ied 1oa.d and A 
a.nd 
i s  t h e  i n i t i a . 1  c ross  sec t iona l  a.rea, 
0 
R - Ro 
QO 
E =  
where R and R 
The second type of s t r e s s - s t r a i n  curve gives  t h e  shear s t r e s s ,  T ,  
corrected for l a t t i c e  r o t a t i o n  and reduct ion i n  a rea  (assuming only 
primary s l i p )  vs t h e  shear s t r a i n ,  y ,  on t h e  primary system. These 
q u a n t i t i e s  a r e  given 
a re  t h e  gage lengths  during deformation and i n i t i a l l y .  
0 
f 
sin A L 
0 
and 
Y =  1 [jt.j2 - sin21 - cos ho j I . 
cos @ 0 
0 
A s  was pointed out  i n  connection with Fig.  6.22, secondary s l i p  s t a r t s  
a t  about E = 0.4, which corresponds t o  Y = 0.7. Therefore, t h e  dashed 
vs Y curve i s  not s t r i c t l y  co r rec t  f o r  shear s t r a i n s  g rea t e r  than  0.7. 
We note t h a t  a t  Y = 0.7 o r  E = 0.4, t h e  r a t e  of work hardening increases  
percept ive ly  f o r  t he  un i r r ad ia t ed  sample. 
of secondary s l i p  a t  about E = 0.4, t he  increase  i n  the  apparent r a t e  of 
work hardening (end of easy g l i d e )  i s  co r re l a t ed  with duplex s l i p .  
Since F ig ,  6.22 shows the  onset  
A s  concerns the  e f f e c t  of t h e  i r r a d i a t i o n  t o  3.9 x 1OI7 neutrons/cm2 
(E  9 1 Mev), t h e  curves i n  Fig.  6 .25 show an increase  i n  lower y i e l d  
The r e s u l t s  of  t h e  change - in - s t r a in - r a t e  t e s t s  are given i n  F ig .  6.26. 
There i s  some suggest ion of an inc rease  i n  m’ upon i r r a d i a . t i o n  f o r  t h e  
lower s t r a i n s ,  b u t  t h e  e f f e c t  i s  not  g r e a t .  Also, t h e  curves appea.r t o  
c r o s s  nea.r t h e  s t r a i n  value,  T = 0.7, at which secondary s l i p  s tar ts .  
The r a r the r  s l i g h t  e f f e c t  of i r r a d i a t i o n  on m’ at room temperature  i s  
perhaps not  s u r p r i s i n g ,  s ince  measurements of y i e l d  and flow s t r e s s e s  
109 
s t ress  of about 5@, an inc rease  i n  t h e  magnitude of t h e  y i e l d  drop, 
an inc rease  i n  flow s t ress ,  and a decrease i n  t h e  uniform and f r a c t u r e  
s t r a i n s .  However, t h e  i r r a d i a t e d  sample exh ib i t ed  f u l l  r educ t ion  i n  
a r e a  a t  f r a c t u r e  (ch ise l -edge  f r a c t u r e ) ,  a s  was t r u e  of  t h e  c o n t r o l  
sample, The curves also suggest a decrease upon i r r a d i a t i o n  i n  t h e  
s t r a i n  a t  which secondary s l i p  s t a r t s .  This  w i l l  be i n v e s t i g a t e d  f u r -  
t h e r  by a s tudy upon an i r r a d i a t e d  sample s i m i l a r  t o  t h a t  i l l u s t r a t e d  
i n  F ig .  6.22. 
I n  t h e  second t e s t  on an i r r a d i a t e d  sample, t he  s t r a i n  r a t e  s ens i -  
t i v i t y  a t  room temperature  w a s  i n v e s t i g a t e d  by p u l l i n g  t h e  sample a l t e r -  
n a t e l y  a t  crosshead speeds of 0.05 and 0.5 cm/min. 
analyzed i n  terms of t h e  inve r se  s t r a i n - r a t e  s e n s i t i v i t y  parameter,  m’ ,  
g iven by 
The r e s u l t s  were 
where t h e  s u b s c r i p t s  r e f e r  t o  va lues  a.t a. given s t r a . i n  f o r  t h e  two 
cr0sshea.d speeds.  
each va.lue of  m’ r e f e r s  t o  a. given s t r a . i n ,  m’ may be eva.luated simply 
from t h e  crosshead speeds, v1 and v2, a.nd t h e  loads ,  L1 and L2, a.t t h e  
s t r a . i n  a t  which t h e  crosshead speed i s  changed. Hence, 
From E q s .  (25 )  a.nd ( 2 6 )  it may be seen tha . t  s i n c e  
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Fig.  6.26. Inverse  S t r a i n  Rate S e n s i t i v i t y ,  m ' ,  vs Shear S t r a i n  
Calculated f o r  Single  S l i p  for Niobium Single  Crys t a l s .  Crosshead 
speeds: 0.05 and 0.5 cm/min; room temperature t e s t s .  
i n  s ing le  c r y s t a l s  of niobium ha.ve ind ica ted  tha. t  t he re  i s  l i t t l e  
therma.1 ac t iva . t ion  of s l i p  a t  room tempera.ture a.nd above. 3 5  
I n  the  immediate fu tu re  our work on i r ra .dia . ted niobium s ing le  
c rys ta . l s  w i l l  include t e n s i l e  t e s t s  a.s a. func t ion  of t e s t  and a.nnea.ling 
tempera~tures and measurements of s t r e s s  re laxa, t ion.  
35T. E .  Mitchel l ,  R .  A.  Foxa,ll,  and P. B. Hirsch, "Work Ha.rdening 
i n  Niobium Single  Crysta.ls ," Ph i l .  Ma.g. - 8, 1895 (1963). - 
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Dislocat ion Etch P i t s  i n  Niobium 
H .  D .  Guberman 
The e f f o r t s  i n  t h i s  a rea  a r e  d i r ec t ed  towards a more fundamental 
understanding of t h e  underlying processes  governing p l a s t i c  deformation 
and f r a c t u r e .  
understood and in t e rp re t ed  i n  terms of t h e  behavior of d i s loca t ions .  
Furthermore, an important aspect of t hese  problems i s  t h e  a b i l i t y  of a 
d i s l o c a t i o n  t o  move through t h e  l a t t i c e .  It i s  t o  t h i s  p a r t i c u l a r  
problem t h a t  we have addressed ourselves,  and from t h e  seve ra l  
-- - i-- 
It i s  wel l  e s t ab l i shed  t h a t  t hese  phenomena may be b e s t  
techniques ava i lab le ,  we have chosen an e t c h - p i t t i n g  method t o  study - 
----------.--I... I .--. "...~.. - \_  
d i s l o c a t i o n  motion. 
.-_ X. .--. I --. -Y *-.*,. .- -#I- _ _  
Experimental Procedure 
Mater ia l .  S ingle  c r y s t a l s  of niobium p u r i f i e d  by a s i n g l e  pass  of a 
molten zone i n  an electron-beam zone r e f i n i n g  apparatus were used i n  t h i s  
study. 
r e c r y s t a l l i z a t i o n  and outgassing.  
degree of p u r i t y  achieved, and other  p rope r t i e s  of t h i s  ma te r i a l  a r e  
discussed i n  t h e  preceding sec t ion  of t h i s  r e p o r t .  
Po lyc rys t a l l i ne  samples merely experienced a s i n g l e  hot  pass  f o r  
De ta i l s  of t h e  methods of f ab r i ca t ion ,  
Sample Fabr ica t ion .  S ing le -c rys t a l  specimens were o r i en ted  by 
usua l  means employing h u e  back-ref lec t ion  x-ray p a t t e r n s .  They were 
mounted i n  a j i g  which permit ted t r a n s f e r  of t h e  specimen t o  t h e  
machining device without removal from the  j i g .  The sur faces  of 
i n t e r e s t  were exposed by means of a spark-erosion process  using t h e  
"Servomet Spark Machine" of Mater ia ls  Research Ltd. , Cambridge, England. 
Br i e f ly ,  t h e  device opera tes  i n  t h e  following manner. Mater ia l  i s  
removed f r o m t h e  sample by a s e r i e s  of spark discharges of con t ro l l ed  
energy between t h e  sample and a t o o l  f i x t u r e .  
determined by t h e  energy and frequency of t h e  e l e c t r i c a l  discharges.  
t h e  present  case,  t h e  c y l i n d r i c a l  samples were mounted ho r i zon ta l ly  and 
a v e r t i c a l l y  mounted f l a t - s u r f a c e d  t o o l  descended p a s t  it producing 
a f l a t ,  reasonably smooth a r e a  on 'the sample. 
sur face  presumably i s  l a r g e l y  s t r a i n  f r e e .  
Ekosion occurs a t  a r a t e  
In 
The r e s u l t a n t  f l a t  
Laue x-ray p a t t e r n s  
t aken  immediately a f t e r  t h e  spark-erosion process showed evidence of a 
t h i n  d is turbed  l aye r  on t h e  surface.  Polishing away about 0.0005 i n .  
appeared t o  be su f f i c i en t  t o  remove a l l  t r a c e s  of t h i s  d i s turbed  l a y e r ,  
Polycrys ta l l ine  samples were mounted and t r e a t e d  as ordinary 
metallographic specimens. 
Polishing and Etching. Both electrochemical and chemical methods 
were t r i e d .  Electrochemical techniques, such as those  suggested by 
Evans36 for both pol i sh ing  and etching, were found t o  be incapable of 
developing p i t s  i n  t h i s  p a r t i c u l a r  sample mater ia l .  In  every case 
reported here, a chemical po l i sh  followed by a chemical e t ch  w a s  
employed. 
For polishing, a so lu t ion  of 70% mO3 (70%) and 30% HF (48%) was 
employed. 
l u s t rous  surface.  The length of time of appl ica t ion  (by co t ton  swab) 
was ,  of course, dependent upon t h e  nature of t h e  s t a r t i n g  surface,  
generally requi r ing  seve ra l  minutes. 
This reac ted  vigorously with t h e  sample t o  produce a highly 
Etching w a s  accomplished by means of t h e  etchant suggested by 
Bakish.37 
r a t i o  5:2:2. This t oo  was applied with a co t ton  swab; however, 
only 15 t o  60 see were required t o  revea l  t h e  p i t s .  
of t h e  sample i n  e i t h e r  t h e  pol i sh ing  or  etching medium marred t h e  
surface of i n t e r e s t  considerably because of t he  vigorous r eac t ion  
and attendant profuse bubble format ion. 
This cons i s t s  of H ~ S O L  (95%), HNO3 (70%), HF (48%) i n  t h e  
Tota l  immersion 
Experimental Results and Discussion 
Employing t h e  simple techniques out l ined  above, po lyc rys t a l l i ne  
samples were found t o  exhib i t  p i t s  of many d i f f e r e n t  shapes, though 
within each gra in  t h e  p i t s  were i d e n t i c a l .  Many were found i n  a r rays  
suggesting low-angle boundaries while o thers  were d i s t r i b u t e d  apparently 
a t  random. 
an  aging treatment.  
P i t s  were revealed i n  every case without t h e  necess i ty  of 
36P. R .  V .  Evans, "Dislocation Etch P i t  Studies i n  Annealed and 
Deformed Polycrys ta l l ine  Niobium, I '  J. Less Common Metals - 6, 253-265 
(1964). 
Trans. AIME - 212, 818 (1958). 
- 
7R. Bakish, "On Dislocation Configurations i n  Rolled Columbium, I '  
42E€i!LGu-LT- 
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A number of q u a l i t a t i v e  t e s t s  were performed t o  ensure t h a t  t hese  
Br i e f ly ,  t h e  p i t s  corresponded t o  t h e  s i t e s  of emergent d i s l o c a t i o n s .  
t es t s  and r e s u l t s  were as fol lows:  
( a )  Successive po l i sh ing  t o  remove p i t s  and re -e tch ing  produced 
(b) The number of e t ch  p i t s  increased  only a few percent  a s  e tch ing  
i d e n t i c a l  p a t t e r n s .  
time was increased  beyond about 20 see. 
e tch ing  w a s  t o  deepen and enlarge t h e  p i t s .  
monotonically, and furthermore,  t h e s e  p i t s  were f r equen t ly  arrayed i n  
a manner suggest ive of s l i p  on s i n g l e  s l i p  planes.  
The major e f fec t  of prolonged 
( c )  P l a s t i c  deformation increased the  number of e t c h  p i t s  
( d )  The e tchant  w a s  h ighly  s e l e c t i v e ,  producing p i t s  only on 
Some of t h e s e  p o i n t s  a r e  i l l u s t r a t e d  i n  F ig .  6.27. 
p lanes  of c e r t a i n  o r i e n t a t i o n s ,  
I n  p a r t i c u l a r ,  
t h e  s e l e c t i v e  na ture  of t h e  etchant  i s  ev ident .  The sample had been 
. 
Fig .  6.27. Etch P i t s  i n  a P o l y c r y s t a l l i n e  Sample of Niobium 
Immediately a f t e r  Almost 576 Deformation i n  Compression. 
30 sec .  680x. 
Etched f o r  
@ -  
deformed i n  compression nearly 5% and immediately etched. The p a r t i c u l a r  
plane observed i s  of an unknown o r i en ta t ion .  Two items a r e  of i n t e re s t :  
f irst ,  t h e r e  a r e  s t r a i g h t  l i n e s  of small p i t s ,  poss ib ly  emanating from 
t h e  g ra in  boundary which were not present p r i o r  t o  deformation; and 
second, t h e  groups of much l a r g e r  p i t s  represent p i t s  present before t h e  
deformation which had grown i n  s i z e  during subsequent etching, 
From t h e  above considerations,  it seems reasonable t o  conclude 
t h a t  t h e  p i t s  do indeed represent d i s loca t ion  e tch  p i t s .  
it i s  noteworthy t h a t  no aging o r  decoration of t h e  d i s loca t ion  i s  
necessary, and t h a t  it i s  poss ib le  t o  d i s t ingu i sh  between "old" and 
"new" p i t s  successfully.  
Furthermore, 
The techniques were e a s i l y  extended t o  s ing le  c r y s t a l s  of niobium. 
Etch p i t s  of c h a r a c t e r i s t i c  shape were observed on (100) planes, (111) 
planes (Fig.  6 . 2 8 ) ,  and planes c lose  t o  (112) (Fig.  6 .29) .  It i s  
s i g n i f i c a n t  t h a t  planes within 1" of (112) were apparently incapable 
of being etched by t h e  present techniques. It required a de l ibe ra t e  
misorientation of a t  l e a s t  3" t o  produce p i t s .  
Fig. 6.28. Etch Pits on the (111) Plane of an Undeformed Single 
Crys t a l .  Etched f o r  30 see. 3400~. 
c 
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Photo 80547 
Fig. 6.29. Etch P i t s  Aligned i n  a Small Angle Boundary on a Plane 
Approximately 3" from t h e  (112) Plane i n  an Undeformed Single Crys ta l .  
Etched 60 sec .  1700X. 
The d i s loca t ions  i n  t h e  s ing le -c rys t a l  samples were apparently 
much e a s i e r  t o  move than  i n  t h e  polycrys ta l s .  
t i o n  between appl ica t ions  of t h e  etchant produced t h e  r e s u l t s  shown 
i n  Fig.  6.30. One can e a s i l y  d i s t ingu i sh  t h e  f r e s h  p i t s  i n  the  new 
pos i t i ons  and the  l a rge r ,  flat-bottomed p i t s  denoting t h e  i n i t i a l  
p o s i t  ion .  Figure 6 .31  exh ib i t s  s i m i l a r  behavior on t h e  almost - (112) 
plane i n  a c r y s t a l  o r ien ted  f o r  s i n g l e  g l ide  t h a t  had been de l ibe ra t e ly  
Some inadvertent deforma- 
deformed by dropping from a known he ight .  
An e tch-p i t  count w a s  made on an almost-(112) surface of a c r y s t a l  
t h a t  had not been deformed i n  any manner a f t e r  growth. 
various p a r t s  of t h e  c r y s t a l  ind ica ted  t h a t  t h e  average dens i ty  l a y  
Samples from 
Fig .  6.30. Etch P i t s  on a (111) Plane i n  a C r y s t a l  Deformed by 
Handling, Exhib i t ing  both New and Old Pos i t i ons .  
and 30 see  a f te r  deformation. 17OOX. 
Etched 30 see befo re  
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i n  a 
t h e  
Fig.  6.31. 
Light ly  Deformed Single  Crys ta l .  
Etch P i t s  on a Plane Approximately 3" from a (112) Plane 
The f i e l d  of view i s  approximately 
same as Fig.  6.29. To ta l  e tch ing  time i s  approximately 60 see.  1700~. 
somewhere between 4 and 9 X lo" cm-*. 
a.ssociated with the d i s loca t ion  dens i ty .  However, it i s  of approxi- 
rnartely the  same order  of magnitude determined by an x-ray technique38 
f o r  a similar c r y s t a l .  
This is a rather low f igure,  if 
The work repor ted  above represents  - the  pre l iminar ies  necessary 
i n  order  t o  study t h e  problems of primary concern, namely d i s l o c a t i o n  
mobil i ty  and t h e  e f f e c t s  thereon of r a d i a t i o n .  The method used by 
38R.  E. Reed, p r i v a t e  communication. 
CIAL USE ONLY 
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S t e i n  and Log9 w i l l  be app l i ed  i n  t h i s  s tudy.  By t h i s  means one can 
determine t h e  s t r e s s - v e l o c i t y  r e l a t i o n s h i p  f o r  i n d i v i d u a l  d i s l o c a t i o n s .  
I n  order  t o  do t h i s ,  it i s  necessary t o  in t roduce  a su r face  source 
of d i s loca t ions  i n  a c r y s t a l  p rope r ly  o r i en ted  for s i n g l e  g l i d e ,  
given s t r e s s  i s  then  app l i ed  f o r  a s p e c i f i e d  t ime and t h e  d i s t ance  
t r a v e l e d  by t h e  d i s l o c a t i o n s  i s  i n f e r r e d  from the  d i f f e r e n c e s  i n  the 
e t ch  p a t t e r n s  before  and a f t e r  a p p l i c a t i o n  of t h e  s t ress .  The d i s -  
l o c a t i o n  v e l o c i t y  i n  s i l i c o n  i r o n  has  been found t o  be an extremely 
s e n s i t i v e  func t ion  of t h e  app l i ed  s t r e s s  and presumably t h i s  may 
a l s o  be t r u e  f o r  niobium. By t h i s  method it w i l l  be  p o s s i b l e  t o  
observe t h e  e f f e c t s  of r a d i a t i o n ,  temperature  and o t h e r  v a r i a b l e s  on 
t h e  motion of d i s l o c a t i o n s  i n  a f a i r l y  s e n s i t i v e  manner. 
A 
Tens i le  P r o p e r t i e s  of 1rra .dia . ted Type 330 and 270 Nickel 
Alloy a.nd Type 410 S ta . in l e s s  S t e e l  
R .  G .  Berggren W. 5. Ste1zma.n 
M. S. Wechsler 
The work descr ibed  i n  t h i s  r e p o r t  was i n i t i a t e d  a t  t h e  r eques t  
of  t h e  High Flux I so tope  Reactor P r o j e c t ,  i n  connect ion wi th  t h e  p o s s i b l e  
use of  n i c k e l  a s  a c o n t r o l  rod m a t e r i a l .  Commercial t ypes  330 and 270 
n i c k e l  and type  410 s t a i n l e s s  s t e e l  were used. 
i r r a d i a t i o n  condi t ions ,  and some t e n s i l e  t e s t  r e s u l t s  for t h e  two h e a t s  
of type  330 n i c k e l  a l l o y  were r epor t ed  previous ly .  4 0  
of  t h e  type  270 n i c k e l  and type  410 s t a i n l e s s  s t e e l  i s  i n  progress .  
Tens i le  t e s t s  have been conducted on t h e  type 270 n i c k e l  and t h e  type  
410 s t a i n l e s s  s t e e l ,  i n  both u n i r r a d i a t e d  and i r r a d i a t e d  condi t ions .  
A l l  specimens were shee t  t e n s i l e  samples ( l / 1 6  i n .  t h i c k ,  0.180-in.  gage 
wid th) .  Specimens were o f  two types:  smooth t e n s i l e  specimens of 
3/4-in.  gage length ,  and deeply edge-notched specimens. 
Chemical ana lyses ,  
Cha rac t e r i za t ion  
The specimens 
39D. S t e i n  a.nd J. Low, "Mobil i ty  of Edge Di s loca t ions  i n  S i l i c o n -  
I r o n  Crys t a l s , "  J .  Appl. Phys. 31, 362 (1960).  - 
4 o R .  G.  Berggren, W. J .  Stelzman, and T .  N .  Jones,  S o l i d  S ta . te  
Div. Ann. Progr .  Rept. May 31, 1963, ORNL-3480, pp. 114-24. 
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were i r r a d i a t e d  i n  a p a r t i a l  f u e l  element i n  t h e  C - 7  p o s i t i o n  i n  t h e  O a k  
Ridge Research Reactor f o r  per iods of up t o  1/2 year .  
were i n  contact  w i t h  the  r eac to r  coolant water .  The temperature of t h e  
samples was not measured d i r e c t l y ,  but  hea t  t r a n s f e r  ca l cu la t ions  
ind ica ted  a maximum temperature of 100°C. 
est imated from radiochemical analyses of n icke l  wires  i r r a d i a t e d  with 
each group of specimens. 
The specimens 
Fast  neutron exposures were 
P o s t i r r a d i a t i o n  annealing s tud ie s  have been conducted on each of 
t h e  a l l o y s .  
a t  temperatures from 260 t o  480°C. 
specimens were given isochronal  annealing t rea tments  a t  temperatures 
ranging from 200 t o  500°C. 
The notched shee t - t ens i l e  specimens were given s ing le  anneals 
The smooth s h e e t - t e n s i l e  t e s t  
The r e s u l t s  of t e n s i l e  t e s t s  on t h e  type 270 n i c k e l  and type 410 
s t a i n l e s s  s t e e l  a r e  summarized i n  Table 6 .3 .  Yield s t rengths  of smooth 
specimens were doubled by t h e  i r r a d i a t i o n  and t o t a l  e longat ions 
were sharp ly  reduced. A l l  specimens deformed p l a s t i c a l l y  before  
f r a c t u r e .  
I r r a d i a t e d  notched specimens of type  330 n i cke l  containing 0.03% C 
showed 20 t o  40% grea te r  y i e l d  s t rengths  a f t e r  being annealed a t  316 
and 427°C t han  s imi l a r  specimens i n  t h e  a s - i r r a d i a t e d  condi t ion 
(Table 6 . 4 ) .  Similar  s t u d i e s  of t h e  type 330 n i cke l  containing 0.15% C, 
t h e  type 270 n icke l ,  and t h e  type 410 s t a i n l e s s  s t e e l  showed e i t h e r  no 
increase  i n  y i e l d  s t r eng th  o r  a marked reduct ion i n  y i e l d  s t r eng th  due 
t o  t h e  annealing t reatment .  
An inves t iga t ion  of poss ib l e  anneal-hardening of i r r a d i a t e d  
smooth samples, s imi l a r  t o  t h a t  observed f o r  t h e  i r r a d i a t e d  notched 
type 330 n i cke l  with 0.03% C, w a s  conducted using an isochronal  anneal-  
ing  t reatment .  
of load-unload t e s t s  with 2-hr anneals  i n  helium appl ied  during t h e  
unload por t ions  of t h e  sequence. 
0.03% C exhib i ted  an increase  i n  flow s t r e s s  a f t e r  2 h r  at 300°C 
(Fig.  6 .32) ,  bu t  t h e  w e a l - h a r d e n i n g  w a s  much l e s s  t han  t h a t  
Specimens of t h e  four  a l l o y s  were given a sequence 
The i r r a d i a t e d  type  330 n icke l  with 
observed f o r  t h e  corresponding notched samples (Table 6 . 4 ) .  It i s  
a l s o  noted i n  F ig .  6.32 t h a t  some recovery was observed i n  t h e  
12 0 
Table 6.3. Tens i le  P r o p e r t i e s  of 1 r r a .d i a t ed  Type 270 Nickel 
a.nd Type 410 S ta . in l e s s  S t e e l  
U l t  imate 
Yield Tens i l e  T o t a l  Number I r r a d i a t i o n  
Spec imen Doseb S t r eng th  S t r eng th  Elongat ion of 
Type a, (neutrons/cm2) ( p s i )  ( p s i  1 *(%I Tes t s  
x 1020 
Type 270 Nickel  
None 26,100 43,400 50 2 
2.5 64,100 (a1 6 1 
None t c  1 55,700 14 2 
2.5 ( c  1 73,600 3 1 
S 
S 
N 
N 
Type 410 S ta . in l e s s  S t e e l  
38,000 70,000 34 2 
S 2.5 82,400 t d  0.4 2 
( e  1 100,000 6 1 
N 2.5 ( e  1 115,000 3 1 
S None 
N None 
a S i n d i c a t e s  smooth specimens; N i n d i c a t e s  deep edge-notched 
bBased on t h e  5 8 N i  (n ,p)  5 8 C 0  r e a c t i o n ,  assuming CJ = 390 mb, 
specimens. 
E .  = 2.9 Mev, and f i s s i o n  spectrum. 
burnup. 
Correc t ions  were app l i ed  i for 5 8 C 0  1 Values l i s t e d  a r e  for ene rg ie s  >1 Mev. 
C Gage l eng th  unknown for notched specimens. 
%laximum load  was y i e l d  p o i n t  load .  
n 
8 
12 1 
Table 6 .4 .  Annea.ling of I r r a d i a t e d  Type 330 Nickel 
(Edge -Notched Spec imens) 
U1 t ima.t e 
H e  a t  Do seb Temperature' S t r eng th  
I r r ad i  a% i on  Anne a . l ing Tens i l e  
Number" (neutrons/cm* ) ( O C )  ( p s i )  
x 102l 
1.1 None 108,000 N69 0 6A1 
1.1 316 125,000 
1.1 42 7 152,000 
None 106,000 1 .3  
1 .3  427 124,000 
N9185A1 1 . 2  
1 . 2  
1 . 2  
None 163,000 
316 164,000 
371 161,000 
1 .8  None 161, 000 
1 .8  42 7 147,000 
1.8  482 112 , 000 
Heat N6906A1 conta.ined 0.03% C ;  Hea.t N9185A1 con- a 
t a i n e d  0.15% C . 
bBa.sed on t h e  5 8 N i  (n ,p)  5 8 C 0  rea .c t ion,  a.ssuming 
o 
Correc t ions  were app l i ed  for  5 8 C 0  burnup. 
l i s t e d  are f o r  ene rg ie s  >1 MeV. 
= 390 mb,  Ei = 2.9  MeV, and fission spectrum. 
i Values 
c Four-hour anneal  i n  helium. 
122 
140 
120 
I 1 I 1 1 I 1 I 1 
- _ _  CONTINUOUS TEST 
- INTERRUPTED FOR ANNEALING - 
- 
SHEET TENSILE SPECIMENS (0.062 in. x 0.480 in. x 3/4 in. GAGE LENGTH) 
IRRADIATED TO 1.3 x IO2' neutrons/cm' ( >  1 MeV) AT 60 "C 
TESTED AT 24 "C AND 0.020 in./in./min 
TWO HOURS RECOVERY AT EACH INDICATED TEMPERATURE 
- 
- 
I 
l6 2o 24 28 32 3 6  ( ~ ( 0 - 3 )  0 4 8 
STRAIN (in./in,) 
Fig.  6.32. Isochronal  Annealing of I r r a d i a t e d  Type 330 Nickel 
Containing 0.03 w t  % C. Smooth sheet t e n s i l e  samples. 
i r r a d i a t e d  ma te r i a l  a f t e r  annealing a t  400°C and considerable  recovery 
a f t e r  annealing a t  500"C, whereas t h e  un i r r ad ia t ed  ma te r i a l  recovered 
s l i g h t l y  (presumably due t o  annealing of cold work i n  t h e  as- 
received condi t ion)  only a f t e r  anneal a t  500°C. 
Similar  isochronal  annealing during t h e  course of load-unload 
t e s t s  did not produce any anneal-hardening i n  t h e  type 330 n icke l  with 
0.15% C. Figure 6.33 shows t h a t  a f t e r  an anneal a t  4OO0C, t h e  flow 
s t r e s s  began t o  recover and reached almost f u l l  recovery a f t e r  anneal-  
ing  a t  500°C. The r e s u l t s  f o r  t he  type 270 n icke l  were qu i t e  similar 
t o  t h i s ,  showing no increase  i n  flow s t r e s s  upon annealing and almost 
complete recovery a f t e r  2 h r  a t  500°C. 
For t h e  type 410 s t a i n l e s s  s t e e l ,  t he  recovery apparent ly  occurred 
i n  two s tages :  
s tage  a t  500°C. 
one i n  t h e  range between 200 and 350°C and a f i n a l  
. 
/IMMEDIATE RETEST 
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1: i --- CONTINUOUS TEST - INTERRUPTED FOR ANNEALING 
SHEET TENSILE SPECIMENS (0.062 in. x 0.180 in. x 3/4 in. GAGE LENGTH) 
IRRADIATED TO 4.3 x 402' neutrons/cm* ( > 4  MeV) AT 60 "c  
TESTED AT 24 'C AND 0.020 in. / in . /min 
TWO HOURS RECOVERY AT EACH INDICATED TEMPERATURE 
I 
I 
p I 
STRAIN (in./ in.) 
Fig. 6.33. Isochronal Annealing of I r r a d i a t e d  Type 330 Nickel 
Containing 0.15 Wt $ C .  Smooth sheet t e n s i l e  samples. 
We have indicated t h a t  the  notched samples of type 330 nickel  
with 0.0376 C exhibited much greater  anneal-hardening a f t e r  i r r a d i a t i o n  
than the smooth samples. Since t h e  gage length f o r  the notched samples 
i s  shor t ,  the  e f fec t ive  s t r a i n  ra te  i s  perhaps several orders of magni- 
tude grea te r  than f o r  t h e  smooth samples. 
influence o f  s t r a i n  r a t e  on the  anneal-hardening a f t e r  i r rad ia t ion ,  
several  notched samples of t h e  0.03% C a l l o y  were t e s t e d  a t  crosshead 
speeds o n e - f i f t i e t h  of those previously employed. 
ence i n  the  r e s u l t s  w a s  obtained. Also, the  metallographic examination 
of the  samples gave no clue as t o  t h e  mechanism of t h e  anneal-hardening 
a f t e r  i r r a d i a t i o n  i n  t h i s  a l loy.  
To inves t iga te  the  possible  
However, no d i f f e r -  
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Pressure Vessel Surve i l lance  Program 
R .  G. Berggren W .  J. Stelzman 
T. N. Jones 
EGCR Pressure Vessel Surve i l lance  Program 
The surve i l lance  program f o r  t h e  Experimental Gas-Cooled Reactor 
has been d e ~ c r i b e d . ~ '  " 
been completed and t r i a l  i n s e r t i o n s  and removals from t h e  EGCR have 
been attempted. 
t h e  r eac to r  were experienced due t o  jamming i n  t h e  removal cask. 
Modification of t h e  s t r i n g s  and removal cask i s  under way. 
Assembly of t h e  e igh t  surve i l lance  s t r i n g s  has 
Minor d i f f i c u l t i e s  i n  removal of t h e  s t r i n g s  from 
SM-1 Reactor Pressure Vessel  Surve i l lance  Program 
The t h i r d  surve i l lance  capsule,  containing subsize Izod impact 
t e s t  specimens, was removed from SM-1 r eac to r  a t  Fort  Belvoir,  Virginia ,  
a f t e r  25.6 Kwyr of r eac to r  operat ion.  P r i o r  su rve i l l ance  capsules 
had been removed and t e s t e d  a f t e r  16 .4  and 20.8 Mwyr of r eac to r  
~ p e r a t i o n . ' ~  Impact t e s t s  and metallographic examinations have 
been completed. The observed increases  of subsize Izod notch- 
impact t r a n s i t i o n  temperatures for t h e  t h r e e  capsules a r e  presented 
i n  Table 6 . 5 .  
with t h e  t r ends  observed f o r  capsules 1 and 2 . 4 3  
neutron f l u x  measurements made i n  mockups of t h e  SM-1 and SM-la core  
and pressure  ves se l  ind ica ted  t h a t  notch t h r e e  of capsules 2 and 3 
(notch four  of capsule 1) were exposed t o  f a s t  neutrons a t  a f l u x  
near ly  equal t o  t h a t  for t h e  pressue v e s s e l .  
The present  r e s u l t s  f o r  capsule 3 a r e  i n  good agreement 
Analysis" of 
The n i l - d u c t i l i t y  
.  
"R, G. Berggren, W .  J. Stelzman, and T. N. Jones, So l id  S t a t e  
Div. Ann. Progr.  Rept. May 31, 1964, ORNL-3676, pp. 14&51. 
"M. S .  Wechsler e t  a l . ,  S o l i d  S t a t e  Div. Ann. Progr.  Rept. 
May 31, 1965, ORNL-3841, p .  36. 
43R. G. Berggren, L .  D. Schaffer,  M. S. Wechsler, and T. N. Jones, 
S o l i d  S t a t e  Div. Ann. Progr.  Rept. Aug. 31, 1962, ORNL-3364, pp. 147-49. 
44R. G .  Berggren and L. D. Schaffer,  Army Reactors Program Ann. 
Progr.  Rept. Oct. 31, 1963, ORNL-3712 ( t o  be publ ished) .  
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Table 6.5. Increases of Notch-Impct Transi t ion 
Temperatures from Subsize Izod Tests on 
Pressure Vessel Surveil lance Capsules 
from SM-1 Reactor 
ATT, Transit ion Temperature 
Re a c t  o r  Increase,  OF 
Capsule 0 e ra t ion  Notch 
Number T M y y r  ) Number" Minimum Maximum Best F i t  
1 16.4 1 24 36 33 
2 33 70 50 
3 51 64 58 
4 73 92 84 
5 112 124 118 
6 119 120 12 0 
1 139 169 150 
2 115 143 132b 
3 94 101 97 
4 68 81 72 
5 51 75 64 
6 14 28 22c 
2 20.8 
3 25.6 1 152 152 152 
2 152 165 156 
3 118 118 118 
4 85 121 101 
5 73 104 87 
6 53 85 70 
a Capsule 1 was loaded with notch 6 a t  t h e  bottom 
(nearest  reactor  core) ;  capsules 2 and 3 were loaded w i t h  
notch 1 at  the bottom (nearest  reac tor  core).  
bSpread of d a t a  points  was grea te r  than f o r  control  
samples. 
C One low-energy da ta  point  outs ide cont ro l  da ta  band. 
e OFF?? 
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. 
temperature of t h e  SM-1 r eac to r  pressure  ves se l  a t  t h e  end of 25.6 Mwyr 
i s  84,"C (183"F), as estimated by methods previously descr ibed.  4 5  
Metallographic examinations of f r a c t u r e  prof i l e s4 '  of specimens 
of capsule 3 have been completed. The r e s u l t s  of t hese  examinations a r e  
somewhat inconclusive i n  t h a t  t h e r e  i s  considerable s c a t t e r  i n  t h e  da t a  
and some overlap of t h e  da t a  f o r  un i r r ad ia t ed  and i r r a d i a t e d  specimens. 
However, t h e  percent  cleavage f a i l u r e  observed i n  c ross  sec t ions  appears 
t o  c o r r e l a t e  b e t t e r  with t h e  f r a c t u r e  energy than  t h e  t e s t  temperature.  
The previously reported4'l observat ion t h a t  t h e  amount of cleavage 
f a i l u r e  i n  a f r a c t u r e  i n  i r r a d i a t e d  s t e e l  i s  very near ly  t h a t  found i n  
t h e  un i r r ad ia t ed  s t e e l  t e s t e d  a t  t h e  same temperature does not hold 
t r u e  f o r  t h e  present  study. 
High Flux Isotope Reactor Pressure Vessel Surve i l lance  Program 
We a r e  a l s o  a s s i s t i n g  i n  t h e  planning and execution of a pressure  
v e s s e l  surve i l lance  program f o r  t h e  High Flux Isotope Reactor. 
P r e i r r a d i a t i o n  cha rac t e r i za t ion  Charpy V-notch impact t e s t s  of t he  hea t s  
of ASTMA-212, grade B, s t e e l  used i n  t h e  HF'IR pressure  ves se l  have 
been completed. 
Hot-Cell Equipment 
R .  G. Berggren W .  J. Stelzman 
T. N. Jones 
The Charpy V-notch impact t e s t  machine f o r  use i n  t h e  hot c e l l s  has 
been modified f o r  remote specimen handling and t e s t  temperature control .  
The Charpy machine and con t ro l  console a r e  shown i n  Fig.  6.34 during 
c a l i b r a t i o n  and t e s t  runs.  The c a l i b r a t i o n  t e s t s  reported previousl+6 
were v e r i f i e d  by add i t iona l  t e s t s  of A r m y  a t e r i a l s  Research Agency 
standard specimens a f t e r  t h e  modif icat ions.  
4 5 R .  G. Berggren, L. D.  Schaffer ,  M. S. Wechsler, T .  N.  Jones, 
Army Reactors Program Ann. Progr.  Rept., Oct. 31, 1962, ORNL-3386, p .  108. 
1 c 
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Fig.  6.34. Remote Control Charpy V-Notch Impact Test  Machine and 
Control Console. 
Test  specimens a r e  brought t o  t e s t  temperature i n  a chamber 
(lower r i g h t  i n  Fig.  6.35) equipped with two carbon e l ec t rodes  f o r  
r e s i s t a n c e  heat ing,  a l i q u i d  n i t rogen  line for cooling, and a spr ing-  
loaded contac t  thermocouple f o r  temperature measurement. The specimen 
i s  t r a n s f e r r e d  from t h e  t e q e r a t u r e  condi t ioning chamber t o  t e s t  
p o s i t i o n  by a pneumatic cy l inder  (Fig.  6.35)  and loca ted  i n  tes t  
p o s i t i o n  by t h r e e  pneumatic cy l inders  (F ig .  6 . 3 6 ) .  
prevent dropping of t he  hammer u n t i l  t r a n s f e r  and loca t ing  devices  a r e  
r e t r a c t e d .  
In t e r locks  
Specimen hea t ing  rates of 15O"C/min. have been achieved. The 
contact  thermocouple ind ica t e s  wi th in  1°C t h e  t r u e  specimen temperature 
f o r  hea t ing  rates up t o  90"C/min. 
temperature t o  250°C i n  3 min. 
A specimen can be taken  from room 
During cooling with l i q u i d  ni t rogen,  
12 8 
Fig.  6.35. Specimen Conditioning and Transfer  Modification of 
Charpy V-Notch Impact Test  Machine. 
n i t rogen  i s  va,porized before  reaching t h e  specimen chamber f o r  specimen 
temperatures down t o  about -150°C. Cooling r a t e s  of 20 t o  3O"C/min a r e  
achieved. Contact thermocouple e r r o r s  of  4 ° C  have been observed a,t 
m a x i m u m  cool ing r a t e s .  
t h e  specimen at des i red  t e s t  tempera,ture f o r  1 min f o r  t e s t s  below room 
tempera-ture and s p e c i f i e s  hea,ting ra , tes  f o r  t e s t s  above room temperature. 
Under these  condi t ions,  contac t  thermocouple e r r o r s  a r e  l e s s  than 1 ° C  
f o r  specimen temperatures from -180°C t o  +260"C. Below -180°C thermo- 
couple e r r o r  approaches 5 ° C .  
i s  governed by the  r e s i l i e n t  mater ia , ls  used t o  support  t h e  conta,ct 
thermocouple. 
Normal operaking procedure s p e c i f i e s  holding 
The maximum t e s t  temperature of 260°C 
Elapsed time f o r  t r a n s f e r  of tes t  specimens from t h e  condi t ioning 
chamber t o  t h e  anvi l ,  pos i t ion ing ,  and t e s t i n g  i s  cons i s t en t ly  l e s s  
R 
129 
6 
* 
c 
@ 
c 
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Fig .  6.36. 
Impact Test  Machine. 
Specimen Pos i t ion ing  on Remote Control Charpy V-Notch 
than  3 sec .  
pos i t i on ing ,  and t e s t i n g  demonstrate tha t ,  f o r  our normal opera t ing  
procedure, t e s t  temperature i s  known wi th in  1 ° C  f o r  e lapsed t i m e s  up 
t o  5 sec  f o r  temperatures from 260°C t o  about -100°C. Compensation 
f o r  hea t  up i s  requi red  below -100°C.  
temperature a t  -180°C i s  4 ° C .  
Temperature measurements during specimen t r a n s f e r ,  
The poss ib l e  e r r o r  i n  t e s t  
n 
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The Pos i t i on  Five F a c i l i t y  i n  t h e  Bulk Shielding Reactor 
J. M. W i l l i a m s  W. E.  Brunda,ge 
B. C . Kelley M. S. Wechsler 
The ORNL Bulk Shielding Reactor c o n s i s t s  of an a,ssembly of MTR-type 
f u e l  elements. 
wide, and 20 f t  deep, which a c t s  a,s t he  rearctor  coola.nt, moderamtor, 
sh i e ld ,  and r e f l e c t o r .  A t  p resent ,  t he  maximum power i s  1 Mw, although 
plans a r e  under way t o  increa,se the  power l e v e l  t o  2 Mw and t o  provide 
24-hr-a-day operat ion.  
Fig. 6.37. 
It i s  suspended i n  a pool of  water, 40 f t  long, 20 f t  
The cu r ren t  core  1oa.ding i s  i l l u s t r a t e d  i n  
O R N L - D W G  65-8345 
POSITION 5 FACILITY 
SAFETY SHIM NO. f 
SAFETY SHIM NO 2 
NorH SAFETY SHIM NO 3 
REGULATING ROD 
FISSION CHAMBER 
@ F U E L  
Fig. 6.37. Core Loa.ding of  t he  Bulk Shielding Reactor.  
A new f a c i l i t y ,  t h e  Pos i t ion  Five F a c i l i t y ,  has been i n s t a l l e d  at 
the  BSR t o  provide an i r r a d i a t i o n  chamber u s e f u l  f o r  r a d i a t i o n  experiments 
on mater ia l s .  A s  shown i n  Fig.  6.37, t h e  f a c i l i t y  i s  loca ted  a t  t h e  
northwest corner of t he  r eac to r .  It c o n s i s t s  of a curved access  tube,  
4 i n .  i n  ou te r  diameter, which i s  welded t o  a hollow core p i ece  having 
t h e  same outs ide  dimensions a s  a BSR f u e l  element, roughly a 3-in.-square 
cy l inder ,  2 f t  long (Figs .  6.38 and 6.39).  The t o p  of t he  tube i s  sealed 
with a plug, which has incorporated i n  it a po r t  f o r  pressur iz ing  t h e  
system and seve ra l  e l e c t r i c a l  feed-throughs. There i s  a neutron and 
gamma s h i e l d  plug suspended from the  s e a l  plug. A sidearm i s  a l s o  
provided f o r  evacuating the  system. A l ead  b a l l a s t ,  sheathed i n  aluminum, 
'%ypxC* t$  
-'".%", 
. 
-. 
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i 
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, 
n 
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PHOTO 8 0 3 7 2 ~  
Fig .  6.38. Photograph of t h e  BSR Pool Showing t h e  Reactor Core 
and t h e  P o s i t i o n  Five F a c i l i t y .  
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NOTE : 
VACUUM CLEANER IS USED TO PROVIDE 
DOWNDRAFT OF AIR AT MOUTH OF TUBE 
DURING SAMPLE REMOVAL. VACUUM PUMP 
IS USED TO EVACUATE AIR FROM TUBE 
BEFORE COMMENCING IRRAOIATION. 
RUBBER HOSE 
INSTRUMENTS 
ABSOLUTE 
FILTER 
VACUUM PUMP - 
- 
VACUUM CLEANER 
PR--d 
ELECTRICAL F E E D T H R O U G H S ~  VENT TO 
ABSOLUTE FILTER 
I II P 45 p s i  
PRV-2 
42 P S I  
I II I I L S l O E  ARM 
-WEST 
Fig .  6.39. Schematic Drawing of t h e  Pos i t i on  Five F a c i l i t y .  
A 
W 
ASS EM B LY 
133 
surrounds t h e  tube near t he  bottom end t o  compensate f o r  buoyancy. 
can be seen i n  Fig.  6.38, t he  t o p  of t he  tube p ro jec t s  above t h e  surface 
O f  t he  water, 
lowered around t h e  t o p  end of t he  tube and i n t o  which the  i r r a d i a t e d  
sample assemblies may be removed. 
A s  
A l a rge  t ransfer  cask has been constructed t h a t  may be 
I n  a prel iminary experiment, t he  gamma heat ing i n  t h e  PFF was mea- 
sured. 
thermocouples w a s  lowered i n t o  the  tube.  
making in t imate  contact  with the  in s ide  w a l l  of  t he  tube by se t -o f f  r i ngs  
of Nichrome wire.  The t o t a l  mass of t he  assembly approximated t h a t  of a 
t y p i c a l  experiment. 
block was measured as a funct ion of  r eac to r  power. A t  f u l l  power, it 
reached 150°C. Then, with t h e  r eac to r  o f f ,  t h e  e l e c t r i c a l  power t o  t h e  
i n t e r n a l  hea t e r  necessary t o  r a i s e  t h e  temperature t o  150°C was determined. 
I n  t h i s  way, t h e  gamma heat ing at full power was found t o  be about 0 .1  w/g. 
An aluminum block containing wel l s  f o r  an i n t e r n a l  hea t e r  and 
The block was prevented from 
With the  hea te r  power o f f ,  t h e  temperature of t h e  
The neutron f l u x  i n  t h e  PFF was measured i n  conjunction with t h e  
i r r a d i a t i o n  of niobium s ing le -c rys t a l  t e n s i l e  samples described by 
R .  E.  Reed and M. S .  Wechsler, "Plastic Deformation i n  Niobium Single  
Crys ta l s , "  p .  98 i n  t h i s  chapter .  
wires  was used t o  measure the  thermal f lux ,  and the  f a s t  f l u x  was measured 
by the  threshold  de t ec to r s ,  237Np, 238U, 5 8 N i ,  and 54Fe. 
monitors were surrounded by 20 m i l s  of cadmium, as was t r u e  f o r  t he  niobium 
s a m p l e s .  H o w e v e r ,  t h e  f l u x  monitors were removed a f t e r  11.2 h r ,  whereas 
t h e  niobium samples were exposed i n t e r m i t t e n t l y  f o r  47.65 h r .  
and samples were placed at t h e  horizontal midplane of  the  BSR. 
Cobalt i n  t h e  form of aluminum-cobalt 
A l l  of t he  f l u x  
The monitors 
The r e s u l t s  of t h e  fast flux measurements a r e  given i n  Fig. 6.40. 
The c i r c l e d  po in t s  give t h e  i n t e g r a l  neutron f luxes  above energy E 
cu la t ed  from the  equation" 
c a l -  i 
"Proposed Tentat ive Method f o r  Measuring Neutron Flux by Radioact i -  
va t ion  Techniques, E 261-T, 1966 Book of ASTM Standards,  Pa r t  31, American - ,  
Socie ty  f o r  Test ing and Mater ia ls ,  Phi ladelphia ,  Pa. 
5x10 '2 /  
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E, NEUTRON ENERGY ( M e " )  
Fig .  6.40. Observed 1ntegra . l  Neutron Fluxes a.t t h e  Center  of t h e  
BSR-PFF with t h e  BSR a t  1 Mw. 
son. 
The f i s s i o n  spectrum i s  shown f o r  compa.ri- 
where A 
t e c t o r  atoms, a,nd CJ i 
th resho ld  energy E i '  
form used w a . ~ ~ ~  
i s  t h e  sa.tura,ted a . ~ t i v i t y , ~ ~  N i s  t h e  or ig ina .1  number of de- 
0 S 
i s  t h e  th re sho ld  c r o s s  s e c t i o n  corresponding t o  t h e  
The f i s s i o n  spectrum curve i s  a, lso p l o t t e d .  The 
Df(E) = A(aE)lI2 exp (-ah') , (28) 
+ 
where a = 0.775 MeV-' and A was ad jus t ed  t o  f i t  t h e  da t a  p o i n t  f o r  t h e  237Np 
monitor.  
F ig .  6.40 (which were taken  from Ref.  47), t h e  da t a  p o i n t s  f o r  uranium 
and n i c k e l  agree t o  wi th in  about 1 6  with t h e  f i s s i o n  spectrum. 
The da ta  po in t  f o r  i r o n  p resen t s  a s p e c i a l  problem, s ince  E and CJ 
f o r  54Fe a r e  not  w e l l  e s t ab l i shed .  We have chosen t o  set  Ei f o r  54Fe a s  
t h e  median energy f o r  t h e  weighted y i e l d  curve,  o ( E ) f f ( E ) ,  where a(E) i s  
t h e  c r o s s  s e c t i o n  of t h e  54Fe(n,p)54Mn r e a c t i o n  a s  a func t ion  of  energy 
\ With t h e  use  of t h e  va lues  of  E and ai shown i n  t h e  legend i n  i 
i i 
48We a r e  indebted t o  W. Harvey a.nd W. T .  Mullins f o r  t h e  a c t i v i t y  
measurements. 
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and f f ( E )  i s  the  normalized f i s s i o n  spectrum obta.ined by s e t t i n g  
A = 2 a . / !  i n  Eq. (28).  Thus, Ei i s  the  energy such t h a t  
and the re fo re  represents  t h e  energy f o r  which a s  ma.ny a c t i v a t i o n s  occur 
f o r  neutrons above Ei a s  below. 
i n  F ig .  1 of Ref. 49. The resu l ta .n t  weighted y i e l d  curve i s  shown i n  
F ig .  6.41, which gives  a. va.lue of E 
the  fission-a,verage cross sec t ion  zf = 0.060 barns  given by Pa.sse115' 
For o(E) we have used t h e  curve given 
from Eq. (29) of 3 .9  Mev. NOW, i f  
i 
f o r  54Fe i s  used, then  from 
where E 
t h e  ca l cu la t ed  i n t e g r a l  f l u x  above 3 .9  Mev i s  about 58% g r e a t e r  than  t h a t  
pred ic ted  by t h e  f i s s i o n  spectrum (Fig.  6 .40) .  
ever ,  tha. t  i f  t he  fission-avera.ge c ros s  sec t ion  i s  calcula . ted d i r e c t l y  
from Fig .  6.41, the value 77 = 0.091 barns i s  obtained, which lea.ds t o  
'i 
with the  f i s s i o n  spectrum. 
= , 3 . 9  Mev, we f i n d  oi = 0.53 barns .  I f  t h i s  value of oi i s  used, 
i 
It i s  i n t e r e s t i n g ,  how- 
f 
= 0.81 barns ,  and as shown i n  Fig.  6.40, t h i s  produces good agreement 
It can be seen i n  Fig.  6.37 t h a t  one of t h e  t h r e e  s a f e t y  s h i m  con- 
t r o l  rods (shim N o .  1) i s  loca ted  diagonal ly  adjacent  t o  t h e  PFF. 
quest ion a r i s e s  as t o  whether t h e  neutron f l u x  i n  the  PFF i s  very 
The 
"Proposed Tentat ive Method f o r  Measuring Fa,st-Neutron Flux by 
Ra,dioa.ctiva-tion of I ron ,  E.263-T, 1966 Book of ASTM Standa.rds, Pa.rt 31, 
American Socie ty  f o r  Test ing and Materials, Phi ladelphia ,  Pa. 
50T. 0. Passe l l ,  "The Use of N i 5 8  and Fe54 as I n t e g r a t o r s  of  Fa.st 
Neutron Flux," p. 501 i n  Neutron Dosimetry, Proceedings of  t h e  Symposium 
on Neutron Detection, Dosimetry, and Standardizat ion Vol. 1, Interna.t iona.1 
Atomic Energy Agency, Vienna, 1963. 
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Fig.  6.41. The Weighted Yield Curve f o r  5 4 F e ( n , p ) 5 4 h ,  Based on 
Cross Sect ion Curve i n  Ref. 49 and a. F i s s ion  Spectrum. 
s e n s i t i v e  t o  t h e  pos i t i on  of  t h i s  con t ro l  rod. 
made of t he  thermal f l u x  (using cobal t  monitors) and f a s t  f l u x  above 
2.9 Mev (using n i cke l  monitors) as  a funct ion of v e r t i c a l  d i s tance  i n  
t h e  sample tube f o r  severa l  pos i t i ons  of t h i s  con t ro l  rod. The r eac to r  
power l e v e l ,  as ind ica ted  by a f i s s i o n  chamber a t  t he  south s ide  o f  t h e  
core ,  was kept constant  a t  0.1 Mw by ad jus t ing  t h e  o the r  con t ro l  rods and 
t h e  r e s u l t s  were sca led  up t o  1 Mw. The f l u x  p r o f i l e s  shown i n  F ig .  6.42 
ind ica t e  t h a t  i f  shim No. 1 i s  lowered from 22 t o  16  i n .  from t h e  bottom 
of the  r eac to r ,  a change i n  f l u x  of only a few percent r e s u l t s .  
comparison, t h e  operat ing range of t h i s  con t ro l  rod f o r  t h e  niobium ir-  
r ad ia t ion  descr ibed above was from 16 .8  t o  19.0 i n .  However, i f  shim 
N o ,  1 i s  dropped t o  a pos i t i on  10  i n .  from the  bottom of t h e  r eac to r ,  
t h e  f l u x  may be decreased as much as 10%. Figure 6.42 a l s o  ind ica t e s  
t h a t  i n  the  region of the  f l u x  peak t h e  f l u x  i s  uniform t o  within 10% 
over a span of 7 o r  8 i n .  
Therefore, a survey was 
For 
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Fig .  6 . 4 2 .  Neutron Flux P r o f i l e s  i n  BSR-PFF f o r  Various P o s i t i o n s  
of  No. 1 Shim Rod. 
up  from measurements a t  0 .1  Mw. 
The f l u x e s  refer t o  power l e v e l  of 1 Mw, a s  s ca l ed  
C r i t i c a l i t y  Sa.fety Tests on t h e  Converter Fa . c i l i t y  
f o r  t h e  Bulk Sh ie ld ing  Reactor  
W .  E .  Brundage E .  B. Johnson5’ 
The pre l iminary  design f o r  t h e  Bulk Sh ie ld ing  Reactor  Converter  
F a . c i l i t y  has  been previou.sly descr ibed .  5 2 )  53  
leaka.ge neut rons  from one f a c e  of  t h e  BSR, therma.lized by pa.ssa.ge through 
D 2 0 ,  t o  produce f i s s i o n  i n  a c y l i n d r i c a l  s leeve  conta . ining 235U surround- 
The f a . c i l i t y  w i l l  use 
i n g  t h e  samples. 
51Neutron Physics  Divis ion.  
52W. E. Brundage, Fuels  and Mate r i a l s  Development Program Quart .  
5 3 G .  H .  Llewellyn, Design Analysis of  a Pure F i s s i o n  Spectrum 
Progr .  Rept.  Mar. 31, 1965, ORNL-TM-1100, p .  87. 
F a c i l i t y  f o r  t h e  BSR, ORNL-TM-987 (Ja.nuary 1965). 
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Since the  system represented a. p o t e n t i a l  c r i t i c a l i t y  ha.za.rd, a, 
t e s t  on a.mockup was performed a.t t h e  Cr i t ica .1  Experiments Fa .c i l i ty .  
Br ie f ly ,  t h e  converter w i l l  cons i s t  of a.n a.luminum-cla,d 0.25-in.-thick, 
3.75%-in. -OD, 12-in.  -high cy l indr ica , l  sleeve of U(93% enriched 
a l l o y  l i n e d  on t h e  inner surface with 0.060-in.-thick (50% Cd-50% Mg) 
a l loy .  
w i l l  norma.lly be f i l l e d  with e i t h e r  air o r  helium. The outside wa,ll of 
t h e  converter sleeve w i l l  be cooled by an annulus of l i g h t  water c i r cu la t ed  
through a heat exchanger. This assembly, centered i n  an air- o r  helium- 
f i l l e d  cav i ty  7 .5  i n .  i n  rad ius  and 24 i n .  high, w i l l ,  i n  t u r n ,  be centered 
i n  a 28- x 15-in.  a.luminum tank 24 i n .  deep containing DzO; l i g h t  pool 
warter w i l l  be adja.cent t o  one s ide  and w i l l  cover t h e  t o p  and the  bottom 
of t h i s  ta,nk. The e n t i r e  assembly w i l l  be adja.cent t o  a.nother 12-in.-  
t h i ck ,  28-in.-wide, 24-in.-deep D20 f i l l e d  tank on one face of t h e  BSR. 
Because of meta.llurgica,l and hea t  t r a n s f e r  considerations,  t he  converter 
sleeve cannot conta.in more than 1 . 5  kg of uranium. 
i n  235U)-Al 
The center  of t h e  f a . c i l i t y ,  which w i l l  receive i r r a d i a t i o n  samples, 
I n  order t o  determine whether a. poss ib le  c r i t i c a . l i t y  hamrd  would 
e x i s t  under a.ccident conditions (i. e . ,  should the  converter sleeve a,nd 
i t s  surrounding and enclosed llvoidsll be flooded with e i t h e r  H 2 O  o r  D z O ) ,  
a. mockup wa.s ma.de from avai lab le  ma,teria.ls and t e s t e d  f o r  c r i t i c a , l i t y .  
Four 3-in.  -wide, 10-in.  -long, and l /%- in .  - th ick  pieces of U(93.4$ enriched 
i n  235U)  meta.1 (dens i ty  = 18.7 g/cm3) were fa.stened t o  t h e  ou te r  surfa.ce 
of a squa.re aluminum tube 3 x 3 i n .  i n  outs ide  dimensions with 0.047-in.- 
t h i c k  walls. This assembly wars 
placed i n  t h e  center  of a, 30-in.-diam tank a.nd flooded with H2O and with 
D 2 0  i n  t u r n .  
c a.se . 
The a.ssembly contained 4.32 kg of 235U. 
L i t t l e  source neutron mul t ip l i ca t ion  wa,s observed i n  e i t h e r  
The a.ssembly wa,s then placed i n  the  center  of a,13.75-in.-diasn 
cy l inder  conta.ining DzO which was r e f l e c t e d  w i t h  e f f e c t i v e l y  i n f i n i t e l y  
t h i c k  water. Aga.in l i t t l e  neutron multiplica.t ion was observed. 
Since the  a.ssembly conta.ined 2.9 times a.s much 235U as  ca.n be 
present i n  the  irra.dia. t ion f a . c i l i t y  p o s t u h t e d  fo r  use with t h e  BSR, it 
i s  concluded tha.t t he  l a . t t e r  can not become c r i t i c a , l  under rea.sonable 
ace ident  conditions.  
i- 
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